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PREFACE

This symposium has been organized to review the statz-of-the-art in the
development of base bleed projectiles and its retated research. It was conceived
to fili the gap in the coverage of this new field of major technical ana
commercial interest. Although other meetings have induded a few pagpers on
Base Bleed, it has rot previously bee. nossible ta devote any deptl. to this
cubjrct. Since base bleed prajectiles have recently been seriously consigered for
production in several countries, and wiil fikely become standard ammunition in
the armed {orces of many nations in the next decade, the need for such meetings
i5 apparent.

It is intended that a series of symposia on Specia! Topics in Chemicat Propulsion
will be held in the future. It is tentatively planned to hold the second meeting in
the United States or West Germany, in Spring of 1990, with the provisionai
subject area being Combustion ¢f Boron anc Metal Particles in Sohd-Progellant
Flames. it is also anticipated that this meetirg will be held unvier the
chairmanship of Professor Kenneth 1. Kuo, with spensorship to be provided by
interested parties.

Following tnis meeting we will, with the help cof tha authors of the various
papers, edit these proceedings, whiuii will then be published by, and
rommercially available from, Hemisphere Publiching Corparaticn.

We would like to take this opportunity te acknowledge the financdial asastance
g.ven towards tius meeting by the European Research Otfice o the Unitad Swatas
Arroy (Londoen, LK) and by Space Research Corporativn (Brussels, Belgium}. We
would also hke to thank Mrs. Ginny Smith for her great help in maintaining

s excellent records of conference papers, .ommunicatien between sanous parties,
and in development of the meeting proyram.

Kenneth K Kuo lames N. rleming
Symposturn Chairman Symposiun Coordinater
Disti rguisnad Aluimnni Professor of FCL R TR
Plechanical Engineering i
The Pennsylvania State Univor:ty T |
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BAGE BLEED TECHNOLOGY IN PERSPECTIVY

Dr. G.V. Bull
Group President, HSRC

INTRODUCTION

In scientific macters, as true in any general relating of
human affairs, the versions of historical events often
differ radically dependent on the historian. Often there
exists a valid basis for the differences; unfortunately, and
more freguertly, there does uwot. The twisting of truth to
perpetuate unfounded propaganda justifying past actions, or
to inflate national or personal roles played, is the common

stuff of history. The mixed blessing of alledged jour-
nalism, constituting the public media and often used as
scurce references, dJenerally relates niore propaganda then
reality. A short reference period in any archives reveals
to the reader yesterday's "newspapers" filled with yester-
day's lies. Probably more wars and chaos have been created

by media propaganda than any other single source.

The above may seem somewhat irrelevant to the technical
subject of this meeting. However I believe it appropriate
in view of the rapid developments that have taken place in
the application of the technique of Base Bleed to artillery
in the last decade. These accomplishments in the practical
application field +tend, for a variety of reasons, to over-
shadocw the lengthy histcrical base on which the technology
rests. Since the papers in this conference are decdicated to
the status of the applied development, it was fa2lt ap-
propriate to include at the outset a brief review of the
history of the r=lative aerodynamic and aero-mechanical
background with, of course,a 1look at the presentlv un-
resolved, complex problems.

FLOW ABOUT BOUDIES OF REVOLUTIONW

The General Flow Field

By simple application of the conservation of momentum
principle, Sir Isaac Newton deduced the general relation
that a flax plate inclined at an angle to the airstream
would have forces acting cn it parallel and perpendicular to
the flow veloclty vector of the general form




Force = Constant . 1/2 5 V7

where p 1s vhe alr density and V is the freestream velocity.
{The constant for the vertical component being proportional
to the sine of the angle >f inclination to the flow stream).

This deduction failed +to take into account the potential
nature of flow fields wherein the disturbance to the flow by
the body 1s propagated throughout +the surrounding flow
fields. For the case of irrotationai, -inviscid flow, the
povential flileld defines streamlines which must satisfy the
Laplace egquation

VvV 4y =0

with the flow being affected significantly at large dis-
tances from the pody. Early attempts by mathematicians to
determine the effe.t on bodies immersed in irrotational flow
tields resulted in D'Alembert's paradox (1744} that no net
ferces could be developed. The introduction of the concept
of circulation (Helmholtz) implying vorticity and rotational
flow 1led to the solution of the inviscid, incompressible
flow e€quations yielding the relations

L=p KV, D=0

where L is che lift force, D 1s the drag fcrce and K is the
cirrulation.

The resclution of this paradox was accomplished by Prandtl
{1904) by the introduction of the boundary layer, which
essentially divided the flow about a body into tw> regimes.
A thin layer adjacent to the body surface had to satisfy the
no-slip «condition, so +that the fluid velocity went from a
zero value on the wall surface to full free stream value a

short distance away from the surface. This viscous flow
layer, the boundary layer, had to satisfy the general
Navier-Stokes eguations. Outside this layer the field would

behave as irrotational, inviscid flow.

As the flow progresses along a body, the boundary layer

increases in thickness; against an 1increasiag pressure
gradient, the boundary layer flow momentum ~an fall below
the value required to sustain the flcw. Reversed flcw

inside the boundary layer can occur, with eventual separa-
tion of the bhoundary 1layer from the surface, such as the
¢ase 0f & wing prcfile at high angle of attack

While the general aerodynamic problem 15 not directly
relevant, at least 1In passing we should observe that the
alreraft aerodynaemicist expended enormouds effort in overcom-

lng boundary layer sepabation. This work included injecting
enerygy into the boundary layer, bkoundary layer suction, etc.
In this ceéese, he was pramarily lonterested in high lift-to-

drayg retins and preventing the onset of stalllng.
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regimes if consideration is restricted to bodies at essen-
tially zero angle of attack. These are illustrated in
Figure 1(al in the case of supersonic flight and may be
noted as

1. The inviscid flow field outside of the boundary layer.
2. The viscous boundary layer flow to the rear edge.

3. The "dead =zone" or cavity region terminated by a rear
stagnation point.

4. Tne separated boundary layer merging behind the rear
stagnation point into a neck, with the turbulant wake
flew after the neck carrying the fluid downstream and
expandlng, causing a recompression shock to form in the
outer inviscid flow region.

3. The far wake region.

The flow 1llustrated 1in Figure 1(a) becomes considerably
more complex when examined in detail, and of virtually
unlimited complexity for the case of interest here, namely a
yawing body with surface protrusions and a high spin rate.

The bow shock is curved through interaction with the expan-
sion field about the ogival shape. The boundary layer grows
as the flow proceeds cver the body, its thickness and nature
a functinn of the Reynolds number and Mach number. The
Reynolds number dominates the boundary layer characteris-
tics, and is the ratio of the fluid momentum to visccus
forces given by the dimensionless relation :

vi pvi
5 or "

wheve v 1s the local wvelocity, 1 +the characteristic flow
length and v 1s the kinematic viscosity, the viscosity, .,
divided by the density,p. Surface roughness, temperature,
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protuberances (driving bands. nubs etc) add +o deternining
the beundary layer and general flow nature.

The Wake Flow

At  very high Reynolds numbers, the boundary laver will be
extremely thin; at low Reynolds numbers, it will be of
appreciable thickness at the base of normal AxXisymmetric
shapes of interest. A generally accepted, overall model of
the wake flow is shown in Figure 1(b) for the case of no
yaw. Restricting our interest to the supersonic Mach
number regime. we should note that boundary laver flow will
consist of numerous internal layers which as traversed will
pass from supersonic adjacent to the free stream, through
the transonic regime to subsonic flow in the region adjacent
to the surface. A3 separation takes place the inner sub-
scnic layer will +turn generating a Prandtl-Meyer type
expansion throughout the supersonic portion of the flow
field. Within the supersonic portion of the boundary layer,
a lip shcck may form due to boundary layer expansion and be
propagated intc the inviscid flow field.

The expanding koundary layer will be bounded by a separation
streamline dJdelineating the viscous regicn from the main
inviscid flow on its outer surface and by what has been
termed the Dividing Streamline (DSL) on its inner surface.
The Dividing Streamline separates the inner cavity flow
region from the viscous boundary layer, and terminates in
the rear stagnation point which closes off the near wake

cavity vregion adjacent to the base. Within the cavity
region low pressure, low velocity circulatory flow is
postulated.

Beyond the aft stagnation point a neck cccurs in the bound-
ary layer flow, with subsequent expansicn into the far wake
region. This causes the formation nf the wake shock as

shown.
/ //
/ / /
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The flow 1llustrated is In as simple a form as possible. In
the more general case the boundary layer at the base prior
to or even after separaticn, may be all turbulent, or a
mixture of turbulent and laminar layers. After separation,
the boundary layer may have viscous mixing regions, entrain-
ing gas both from the cavity zone and the inviscid flow
Zone .

Thus +the detailed calculation of the base flow even for the
case of 2zero vyaw and spin, is beyond any Jeneralized
treatment. Clearly there will exist a significant scale
effect, where §_/D, the ratio of base boundary layer thick-
ness to body baseé diameter, is important.

DRAC OF AXISYMMETRIC BODIES

The total drag of a non-yawlng axisymmetric body such as
considered 1in Figure 1(a), is cenerally considered as con-
sisting of three main components

] Prof Le (form or wave) drag
2. Skin friction drag
3. Base drag

The objective of the designer is to minimjze each of these
components to obtain maximum range for a given snell muzzle
velocity.

The exact thecretical determination of all drag components
ftor 1long range shell firings 1is well beyond our present

ability. As will be discussed 1in more detail, the real
trajectory conditions involve a spinning-yawing shell
traversing rapidly a large Reynolds number range and a
significant Mach number range. Semi-empirical codes have

been develcoped which of course are force-fitted to ex-
perimental long range trajectory observations.

The aercdynamic problem embraces the most complex flelds of

fluid mechanics. Compressible inviscid flow solutions are
rather well understood until we get into the region of
"rarefled aerodynamilics" or i(ree molecular flow. For the
boundary layer we can start with the cliassical ftext book of
Schlicting (1), and note the lIncomplete but lengthy
Bikbliography of Referenc 2], a veterence to be discussed
in more detall subsequently. The general fluid mechanic

treatlses of wakes may be consldered as starting with the
subsonic case studlied py von Karman and leading to the now
classical von  Karman vortex street . Bat the general =solu-
tion to tne wake prablem still presents o major hurdle in
fluid mechanlo analyses.

MINIMLIZTINGG SEROGUYNAMIC DEAG

Frot1le Drag
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FIGURE 2. Experimentally determined drag-velocity
variat.on. (From Reference (3)).

spark photographic techniques to measure the drag of small
calibre bullets. By 1812 extensive data on the drag of
various shape bullets existed as shcwn in Figure 2. 1In
spite of this, the general major calibre artillery shell
emploved a rather blunt nose profile (approximately a 3:1
circular ogivel) until October 1914 when Rausenberger and
Erernard of Krupp tried a 10:1 circular ogive nose cap on
the 35 centimeter naval shell. This resulted in a range
increase of approximately 50%, enabling the 38 c¢m Lange Max
gun to reach Dover from Cap Gris Nez (37 km).

Both theoretical studies and supersonic wind tunnel tests
were  oonducted  during World War 2 by the Germans (4) to

determine  minlmum  drag prorfiles. In general these are
obtalned by using an  all ogival body. In practice this
'eads  to  problems. A front bourrelet must be provided
either by canted nubs or by a Jdiscarding front sabot (bore

. An interesting atslde 15 that the Worlada wWar 2 German
artillery effort had started investigating nubs, an exanple
e seen 1n the musewm at Picatlnny Arsenal. The second
problem 13 that of gyroescople stability.  The ogive cannot
e oot ieted art o the aft oend of the body wilthout encountsring
stoatl Lvny probslenss thoat cannot e resolved In terms of
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Proivang o barndd In gensral. the designer has little control
ater (hls component ot Lhe total drag.

e Base Toroag

Thnie  Jomponent represents  an appreciable  portion of the
tatal drag ot any shell ~onfiguration. The blunt rear end
ontiguration shown an Figure 1 represents (normally) the
WO ST Caze, or the case of maximum base drag. By bocat-
ta.i!ng the Ppase drag can be reduced appreciably. However
tLave drag remains an appreciable percentage of the total as
Ltaoewn by T he drag coefficient bhreak down for the nubbed, low
4r i+ protile boat-tailled round shown in Figure 3.

e lio:ing the 3ase Drag

Trevuretival concepts feor the reduction of hase drag date
back prior %o World War 2. However serious interest may be
considered  to have started shoxrtly after the war. The
Jroups  that  sparked interest in shell base drag reduction
were of  course those working in ballistics. It was well
krnowi. among external ballisticlians that the velocity retar-
Jdation of small caiibre shells carrying tracers was less
than the same shell without a tracer. It would be futile to
enter into  a debate as to whether German, French, Russiaa,
English or American ballisticians were the first to observe
this. As Figure 2 clearly 1illustrates, European small arms
ralllsticians were measuring shell retardation with differ-
11y shapes by the beginning of the present century.
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Atter World War 2 the general interest in Ve Lern countries
Iin  major «calibre ordnance declined in favour of otheyr

systems. The decision of the Westerveld Board ot 1932
became establilished dogma. This cast fileld artillery into
the role of a close support weapon, resulting in no serious
recqulirement. ftor long range [{ilrings. However the advent in

the field of long range Soviet artillery such as the |30mm
system {(27.5 km) and the 152 system, created a NATO require-
ment of 30 km for the 155 system. Withslimitations placed
on parrei length (39 calibres!), this range could be obtained
only by absolute minimization of shell drag or by rocket
boosting atter muzzle exit (RAF).

With the relative abundance of supersonic/hypersonic wind
tunnels that appeared in North America in the early post-war
years as a direct result of the wartime German developments,
compressible aerodynamics experienced an enormous increase

1n scilentific interest, both theoretically and
experimentally. Inviscid, steady state compressikble fluid
flow mechanics was relatively well advanced and understood
by 1950. Theoreticians then concentrated on the extremely

complex areas of the compressible flow boundary layer and
wake flows.

Theoretical concepts for the reduction of base drag date

back well prior to World Var 2. However serious technical
effort on this problem may be considered to have started
shortly after the war. Estimates of base drag from fitting

observed firing range data were formulized as early as 1931
by Gabeaud (5) in the form

CD = 0.25 feor supersonic flow
b
while von  Karman and Moore derived (1932, Reference (6}1) a
value:
LD = 2/ Y M2
max

whlle Hoerner (7} showed that a good cacrelation with filring
results 1n the supersonic range was given bv

T o= 0.7 /M
I
b
These are effective total contributions orf tne base pressure
distriouticn  to the drag for blunt based bodi2s. CD is
- b
the base drag coefflicirent based on base area, and M 15 the

treestream Mach number.

Fefore considering the complex problem of examining kasce and
wake tlows 1nn order to look at the generai problems of base
Araqg  reduction, 1t 10 necessary to review the general aero
mechanical aspects of shell tlight.




THi TRAJECTORY CHAERACDPRER LT LS OF LONG RANGE SHTLLS

General

A typical major calibre artillery shell leaves the muzzle of
the gun with some angular (yaw) acceleration. This ac-
celeration comes froem mass and gzometrical misalignments of
the shell during bore travel and grows in megnitude with
tube wear. The muzasle disturbance resulbs in the excitation
of two free-flight oscillatory modes, with the disturbance
equally divided between them. The relatively low frequency
precessional mode 1s damped out normally after several
cycles, with the maximum yaw usually occurring within 50 to
100 meters of the muzzle. The high freguency nutational
mode is damped out much earlier than the precessional mode,
and 1s normally negligible at the point of first maximum
Vaw.

For well designed systems the maximum induced muzzle vaw
generally 1s 1less than 3 degrees in the new barrel] case.
However as tubes enter the third and fourth quarter of their
life, this 1nitial vyaw can be large. The effect of the
initial vyaw on range increases with the range of the shell,
and for the veryv long range case, introduces a considerable
correction factor. Clearly the reduction in range musht then
consider the shell at an angle of attack, with large
Reynolds number and maximum Mach number values.

The shell proceeds through 1its flight +trajectory with
aerodynamic forces producing moments which result, thrcugh
gyrosccpic action, in a shell displacement angle in the
plane at 30° +to +that of the applied aerodynamic moment.
This displacement results in a gyrosccopic moment causing the
shell to maintain alignment with the flight velocity vector.

However as +the shell traverses tne large range of Reynolds
and Mach number as 1t approaches apogee, permanent angles of
vaw {in the side plane) <c¢an be present. In effect che
density decreases to a value where gyroscopic moments
dominate. On re-entry, the shell recovers through damped
precessional mode osciilations as it traverses the increas-
ing density atmosphere.

As  Interest increases in  shells with increasing ranges,
(ranges of up to 60 km gre <currently becoming of interest),
the flight modes along the trajectory must be considered and
it is obvicus that effect of angle of attack on drag cannot
be ignored. This of course, vastly increases the complexity
of Lthe aerodynamic analytizal problem.

To 1lluztrate the above comments two cauves of long range
shell Lrajectories will be presented.

The faris Gun Shell Trajectory
hao  2iGmne 106 kg spin stabilized shell war developed 1o

o Faris from Criopy-en Jaon starcing on

Pt and fired again
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FIGURE 4. Paris Gun 210mm Shell.

March 23, 1918, During these firings it attaired an al-
titude of 43 kin and a meximun range of 127 km.

A recovered shell, w.ith the rose cap replaced, is shown in
Figure 4. A typical trajectory (taken from Reference {8))
is skown in figure 5. It w:il) be noted that the shell
starts to develup signifizant permanent yaw (in the s3ide
plane) abouve 20 K, rescning an  anglre of rapose of ap-
vroximately 407 during traverse over apodee. The angular
recovery mode 1s shown 1in the plct labelled (b) in Figure 5.

The 45 calibre ERFR MKIO MOD2 Trajechtories

with a muzzle veloclity of 897 meters per second and no base

bleed, ttnlis shell atcalinse & range o©f 30 km. 2 typicel R
trajectory plot for this case is shown in Flgure &6fal), whore 1
it mav bvbe neted that the maxiryum yw anyle anieved .s
approximately ¥ degrees. When the cange is extended ho 34 4
M

ez

,

Stvaiatiaa i dasinin, ¢ e A bassbtef M S b RS 7 MR 2 ERAA L N 1 A T N S A 18 Pradti ;Ilﬂm:ﬂna




e CTRPVECTIRY FROFTLE

TATAL INGLE OF ATTRLK

w I
Y & . Ta9:.5 fe 144 [
50 @ T=117.2 .
1 , Te136. 8 prmm——
Telad, P al
g . L a4t 7
.6?\‘; ..(551 //’_‘-.4 B . \-
& o s A
= ] ‘ P P .
11 - / e S
13 - e .
W&y LR / o ANEREY:
i e SN\
k3 -7 "
] l e \\\J
EI;":a ! = ‘Z" gty T Y 1 x !
r 2 28 Al 68 343 100 128 téE © L
RANGE . ke .. - -
{a) E: -

i

a

E: ul

-

‘A

& [ (c)
] 2 4
TOTAL ANGLE OF ATTRCK. dag
FIGURE 5. Paris (Gun shel ccmputed trajectory. Muzzle

velocity = 1646 m/s. guadrant elevation - 50°".

ki wising wase bleed the corresponding plot is shown in
Figure 56(h1}.

The rprev.ous discassior 1llustrates the necessity of con-
sidering the ertive trajectory wiann considering drag
optrwrization f(or range. Amcng the comolexities acdded to the
simpil: cons.deration of auvisvmmetric boday drag at zero
degirees and a fixed Reynolds rumber - Mach number compina-
tion, must ke added che drag component due to yaw and the
optimizatiin  ovaer +the range o¢f Revnolds number and Mach
amber while arrooyuamic effents are srnill significant. The
range of  keyvnolds  nomber, Pn, ana Mechh nunker, v, ex-
perienced Wy “he two projectilzs can be seen in FijJures 6(a)
and aib).

REDUCTICN OF BASE DRAG : BASE DLEED

Reference (9), Jdedicated to establishing the <tate of
knowledge on wake flows and base drag redactinn, published
in 1976, must be studied as a base lince work on “his topic.
It co.ers at least all the major work up tc that wime,
including injection through the boundary layer ahead c¢f the
base, th= effect on base drag of plates mounted downstream
frore. Lhe Prase  on stulings  atvached to the base, cold gas

- [ e~

tnjection into che wake throuvgh the base. andg base injection
with vompustion in the wake.

A thie  time  this  study was being compiled, no practical
e had been devised (excluding tracers on  small
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apply this to major calibre artillery shells.
system in fact, was then in the test
It was brought to North
in

calibres) to
The first successful
and development stage in Sweden.
America with the major firing series in Antigua conducted
1978 (10). The grains used were carboxyl terminated
polybutadiene/ammonium perchlorate manufactured in Sweden to
SRC ERFB MK10 MOD2 projectile. Swedlsh endineers

fit the

supervised the tests, which yielded the almost 30% increase
in range predicted. Because of its assigred carcinogenic
nature. the Swedes switched to hydroxyl terminated

pelybutadiene/ammonium perchlorate grains which for all




practical purposes are identical in performance.

The method used in mounting these grains in the base of the
ERFB  MEI10 MOD2 projectile is illustrated in Figure 7. This
simply involved replacing the boattail by a conical section

with & viosed end cap and a central orifice of sufficiently
large diameter to ensure subsonic flow into the cavity wake,
The inside geometry was such as to accept the cylindrical
shaped, sectioned grain, inhibited o©n all surfaces other
than the c¢entral annulus and the section cut surfaces. A
diaphragmn seals the grain; as the pressure builds up to the
shot-start value, the diaphragm is ruptured and the hot gun
gas flows through the orifice and about the grain. Some
indications exist +that the grains are floating in the hot
gas, and do not bulld up to the full spin rate of the
projectile. The in-bore and muzzle exit conditions are of a
complexity that while some effects can be observeda, detailed
analysis 1s beyond the present state of the art. The grain
and igniter begin burning probably at or near the seating
position, and then experience the full in-bore gas pressure
during shot +travel down +the bore. At exit, the sudden
pressure drop causes guenching of the grain burning, but
only sporadically. The igniter ensures continued grain
burning after muzzle exit.

Returning to the flow models of the wake, the optimum condi-
tion would be when the momentum flux is such as to restore
the base pressure to the full freestream value. The tem-
peratures of the products of complete combustion lie in the

.,

I55mm ERFB
BASE BLEED UMT




range of 1000 to  2000°C, dependent. on composition.
Photograph.ic ocvidence =whows  the presence of combustion in
the wake during at least btne early, and most critical part
of the Lrajecltory. Thus 1n practice, a satisfactory
theoretical model nust include combustion-heat transfer
azross the dividing streamline, through the separated bound-
ary layer tlow and into the main stream.

Varinus models can be postulated, and solutions to the wake
flow presented under severely restrictive assumptions, at
this time not adequate to describe the real case. In Figure

8 we 120k at various idealized conditions. In Fiqure 8(a)
the base bleed mass flow is shown for the less than optimum
case; in (b) the optimum case 1s sketched from the

simplified assumption that the momentum flux into the cavity
wake restores the pressure at the dividing streamline to
freestream value, g0 that the mixing processes cause the
boundary layer to be simply a thin dividing shear layer
between the mainstream flow and the lower velocity wake
flow. Heat +transfer across the ghear layer to the main
stream flow will add considerable complexity to the analyti-
cal model. Typical smear photographs illustrating a wide
range of base bleed wake flow conditions are shown in

Figures 9, 10 and 11.

TRAJECTORY OPTIMIZATION

In any long range trajectory, the projectile is traversing
raplidly a 1large Reynolds number range during its ascent.
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-— guy — - -—
a) LOW INJECTION FLOW RATES
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b) OPTIMUM INJECTICN FLOW RATES

FIGURE §&. Schematic of base iow with base bleed.
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FIGURE 9. Smear photograph otf base bleed nrojechtile showing
less than optimum base bleed mass flow.

FIGURLE 0. Smear photograph of base bleed projectile show-
Ly optinum base bhleed mass flow




FIGURE 11. Smear photograph showing greater than optimum,
supersonic type, base bleed mass flow.

Assuming that the c¢ptimum conditions could be achieved, this
would imply a continuously varying mass-momentum flux from
the base to the wake. Furthermore it would imply a detailed
knowledge of base Dbleed -~ wake flow characteristics. To
date the optimization is a trial and error proposition based
on fixed grain properties ard any variation in combustion
rate caused by the change in the surrounding ambient air.

During the 1last decade, the ©pase bleed concept has been
applied to a wide range of projectiles in many different

countries. One mwight say tat the state of the applied
field has advanced far ahead o. the derivation of satisfac-
tory fluid dynamic models. Contrary to the conclusions of

Reference (11), range increases 1in the order of 30% have
been achieved, well exceeding the 10% estimate [(matching
RAP) he concludes as a limit on base bleed systems.

Firing Results

Hoping not to appear parochial, but because of the simple
reason that this is the only projectile for which the author
has access to data, the performance of the base bleed ver-
siton  of the ERFB MKI0 MOD2 projectile will be presented in
concluding this presentatlicon, and as typical of all systems.
At trhe outset, it should be noted that the base bleed system
only reduces prodectile draqg, and does not apply thrust.
Tnus dispersion is  not atfected, other than malfunctions
causing the kase bleed drag reduction to vary. This results
in increased range dispersion, but ne varlaticn in deflec-
ticn dispersion. For fully developed systems, the
reproducibility of drag reduction by base hleed is such +hat
no increase ls observed in rvange dispersicn, the values for




TABLE 1. Results of Typical Firing Series.

Probable error

Muzzle
Velocity, m/s Range, m Range Deflection
ERFB 897 .6 30577 .376% .97 mils
ERFRB/BB 899.9 39153 .324% 1.03 mils

probable error in range using the data reduction techniques
of Reference (12) lying ketween 0.3 and 0.45. Table 1 shows
typical firing results of the ERFB MK10 MOD2 projectile, and
of the base bleed version.

CONCLUDING DISCUSSION

In no way can this paper claim to be more than a supertficial
scanning over the difficult subject of wake flows and
trajectory analyses. However, hopefully, the papers to
follow covering +he current work in the many practical
aspects of manufacture, supported by advances in theory,
will at least allow it to qualify as an acceptable introduc-
tion to these more qualified, specitic treatments.
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STUDLY OF THE PYROTHCIHNIC COMPOSTITION USED AS THE BASE BLEED PROUPELLANT

Pan Gongpei, Z4nhu Changjiang and Wang Zhaogun
Department of Chemical Engineering, Bast China Institute
of Technology, Nanjing, China

INTROVUCTION

The recent base bleed propellants uSed in base bleed projectiles are
usually the composite propellants of which essencial components are
hydroxy terminal polybutadiene(HTPB) and ammonium perchlorate(aP) .
However, our research completly bases upon the pyrotechnic field and
aims at selecting the optimum formulation of pyrotechnic composition as
a base bleed propellant. It would make the shooting range-increasing
effect for base bleed projectiles to raise and have good igniting pro-
perty, simple process of manufactiure and low cost.

A series of tests were carried out which include the wind tunnel test,
the dynamic analofure test and the live ammunition flight test for the
compositions with Sr(N03)7—Mg-CaRes -additive or Sr(NO3)?—Mg-AP~additive.

And satisfing results of the tests have been obtained.
EXPERIMENT METHODS AND CUNDITIONS

1. samples

In the live amwmunition flight survey test, the samples are processed
according to the bullet stiructure. The sample used in laboratory is
shown in Figure t,

* CaRes-~Calcium resin

ignition charge
Intermediate fire

- 3econd chearge

. Fivst charge

Figure 1. sample ured tn lavorgatery
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2. Measurement of Temperature

The temperature sensor is a W-He tlermocouple. Figure 2 shows the sche-
malic araving oi measuring the combustion temperature of the sample,

5., Amount of the [Ejiected Uas

Its meausuring device is snown in Figure 3.

4, wynamic Analogure Test

In this test, the 14.5mm machine gun is used to shoot live ammunition.
The flight veloclt, of the bullets is measured by means of a velocity
radar. And we evaluate the effect of drag reduction on the attenuation
of the velocity.

5. Live Ammunition Flight Lurvey Yest

Under the same conditions, the effect of drag reduction or the shooting
range-increasing effect is tov be determined through the comparative

t1ight test in which the bullets load with the base bleed agent and
without it.

THE RESULTS OF THE TESTS

1, Selection of the tormulations

Test result for Sr(NUB)Z-Mg-Caﬂes formulation, Under the static¢ condi-

tions, the test result for this type oY formulation in terms of .cmbus-
tion temperature and velocity is shown in Table 1.

It can be seen from Table 1 that the formulation with A=0,.47 has rela-
tively high temperature. The ouserved value of the ;as produced according

Thermocouple vire _Thermal contact point

R | h,\/} ‘wfﬁﬂ

ne
<
I+

Porcelain tube

oW

|
l

Insulation layer e
neula Y —~vample powder c¢olumn

veat

\§&;g;;gk“/

Filgure . Cchematic droawing o F measuring vhe combustion temperuture
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Figure 5. wevice of measuring amount of the ¢ jected pas

Lo tiris formulastion {s 348.8ml/g. The average molecular welght is 33,15,
The wind tunnei test showed that the formulation with K=0.47 has poor
periorimance «f combustion at the low pressure au well as poor effect on

the red.cti .n of drag (see Table 2).

Ad justment test for the formulation of Sr\Ngj)z-Mg—CaRes type. ‘ihe

ad justment tests !for the formulation were carried out with the additicn
of AP ' u the removal of DUP(dioctylephthalate) so as to keep the fiuc-
tuation of the oxygen balance within a small range (K=0.40-0.48), The

Tuble 1, Formulation lest for Sr(NO3)p-Mg-Cakles

Formulation Uxygen uuaranteed Combustion Combustion
No., . diff. coeff, tenp. velocity
sr(NO, ) T ¥
r{d0g), Mg Caltes Wb 7 K T(e)  almm/s)
1 69 20 10 1 ~-iH.0 0.63 1904 .77
2 H4 29 10 1 -20.2 0.4 1942 2.80
3 6109 27.L 10 1 -22.0 0.5%0 2054 2.96
4 oY 30 10 1 -25.4 0.47 2100 3.28
2 94 59 10 1 -50.% 0.40 1942 3.26
6 44 40 10 1 PN C. 54 163t 2.59

Tabie ¢. desult ¢t the wind Tunnel Test tor
or(Nuy);-Mg-Caites rormulations

stable pressure in the rressure after
wind tunnel (hg/cmz) Pombustion(hg/cmz)
No. LXeess Ab301ut;' Excess Absolute Hemarks
pressure presLure pressure pressure
1 —.lan s O L5967 ~0, 564 cOLh 5y
2 -0.455 v, heat - - urigFniteo
b} NNV v .50 - - unignited
4 L4455 v, ouhT - - unigni tea
2 ~ b 54 YIS ST —b, 544t v L6
6 S A s U T AN - - Urnle g te
! L A4S NSNS - - uni, nitey




Table 3. AdJjustment Test fur the formulation of nr(ij),~Mg~CanUs Type
Formulation uxygoen  uuaranteed Combustion Combustion
. diff. coeff, temp. time
oriNU M AP Caites = -
iri 5)3 & it n K T(e) t(s)
1 41.4  2X.9 19,7 15 232,65 0.40 17700 T
2 55,0 35,0 20,0 10 =29 .51 0,41 2975" 504
5 55.5 2.0 2H. 12 ~29.11 0.42 14352 7.4
4 50.6 de.e 2'1.2 10 -2€ .07/ 0.44 1990 6.1
) 29.4 5505 2.7 9 ~25.04 OudhH 2034 bl
6 28,7 5.6 20.,¢ b 24,21 U.46 2164 4.9
7 26.0 59.0 «#9.0 6 -21.24 0.4t 2218 4.95

* pata obtained under the conditions of rotauting at 16,000 rpm.

result of the adjustment test is shown in Table 3.
It hase been proved by the
improvement in the performance of combustion and also increased the
combustion temperature in a certain degree, In particular, for
formulution,
margin under the conditions of rotation.

The gas yield out of the composition with this formulmtion is 44bml/g.
The average molecular weight is 29,46,

Test | r_the formulation of AP-Mg~Calles type. To reducr the moleculsar
weight still further, Sr(NO )2 is entirely replaced by AP, and the
characteristic curves obtained from the tests are shown in ligure 4.

The observed guantity of the gas yield out of this type of composition

is 576-6490ml/g. The average molecular weight has been lowered below &5,
hence the difficulty

Howe7er, its mechanical sensitivity is rather high,
in manufacture.

test for the formulation of Sr(NU;)z—Mg-AP-additive type. In order to
further raise the combustion temperature, low the average molecular
weight and especially vromote the secondary combustion of the product,

Tegy £o5)

Ty T
22001 130} . Mt 1o
o k-t
wep st S N w0} 45|
\\
/ ' . L
ZJoap ) /28 / // N kKT 5001 s P
1o} 15} K// 2400} 551 7 k
!
/
(9] | Il s
j509 L - e , : -
6y od od 09 ars ol Y ARD 045 250 PSS A
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Fiwure 4, Charancteristic curves ol the relationship betweer combusticn
Lenperaturie, time and ingrediest ratio of the abP-Mg-Cakies compesition,
va) during static combustion:; (L) during rotational combustion

tests that the adjusted formulation has made

the No.Z2
the combustion temperature has been raised by & considerahice




tests have been pertormed for the formulation of Sr(NOs)o-Mg-aP-—udditive
type.

Gy selecting the suitable additive, Lhig type of formulation will muke
the gns ejection agent with a Low combustion velocity. As an exampice

in which napnthalene was chosen as the additive, the result of the wind
tunnel teut is illustrated in Table 4,

Flgure % shows the result for present composition and the HTPB--AP com-
posite propellant in the wind tunnel test when the Mach number is res-
pectively 1.3, 1.73 and 2.5,

With the increas of Lhe Mach number, the base bleed composition with
the formul.tion ot ur(Noj)z-Mg—aP—additive can produce more excellent
effect of drag reductiouv, bigurs © give the curves of the change of the
bullet base pressure with that ot the combustion time (Pp-t curve) for
this pyrotechnic composition with the additive naphthalene when M=1,3
and M=2.5.

2. UVynamic Analogure Test

In this test according to the aforementioned mechod, the reentrant on

Table 4, Amount of the Base uUrag Heduction in Wind Tunnel Tests

Mass flow rate Mech number Jet parameter Rate of base drag

No. (kg/s) M 1 reduction 4C,b(4)
1 2.70x10=3 1.72 1.56x1077 50
2 4.05x1077 1,72 2.55x1077 61
3 5.90><1o‘j 1.72 3.4%%10-7 €9.9
4 6.15x1077 1L 7.66x1077 THs
5 B.26xi07° .72 10.00x10™7 £8.9
ACp( A)
Present composition(M=1,73)
1001
Composite propellant(i=2.5%)
30 \ T
! &//.
(SI0 i y
// .
a0 /
20} //
[
O IR ST YT T gy b

Figwurs 5, tThe test result in vhe wind tunnu
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naphthalone,

: Live ammuniticn Flight Survey Tleut

The teut was performad by wmuesans

Lest reguit on smell~calibre bullats,
of a J/mm mercgur. The result jincicated that tne “7mm hacse bieeu boilet
loaded wich present base ' wed compouztion hed slow adlesuailin of re.
maining velocity V. ) (see Table 5) 2nd good effeov on dreE redues Lon

(see tligure 4,
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Yable Y, 4he demaining VYelocily of "he Buliets in toe Live Ammunition

Plighv wurvey Tast

Bullet kind Simm bullet without  2/mm bullet with 29mm bullet
s L Le L0 o -
base bleed apent base oiced ageunt (foreign)
pultet welght 40 RYAN 550
L)

lvxtxnl velo- 1000 1162 1175
city Viwa/s)

dlaat range(m) Lks)a) Velm/e) tis) Velm/s) t(s) Vplm/s)
2000 2.hT b33 2.09 TG0 2,18 720
3000 4.75 446 548 658 5.78 5740
4000 7.0 324 5,15 Ha3 5,96 385
5000 11,75 244 T.18 444 J.1h 292
5500 .46 391
6000 9.7 357

a) t--Clight time
this tect. Jts result is shown in Table 6,

BLSSUBLLIONS

Y. Basing on ihre design principle of the base bleed prupell&nt2, our
ratearch must take the following iatoe considervation: ia) relatively

low compustion volocity or mass ejection rate; (b)) relatively hign
temperasurs of € jected gas ve) relatively lov meoiecular weight of

tie ©lected gases; (f4) combustion in the wake, i.e., the secondary
combiastion. 11 i considerable that the pyrotechnic composition consisted
of riNO3%) s Kgedfwaiditive can essenclally conform to the above principle
as tine base bvleed prepellant. Its combustion veloeity is low, combustion

“p

.

RN L
24 N, e bulict witipout base bleed agent
| N .
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1 <

] \\\ \\\ J3hmw bullet (foreign,
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Table 6, Shooting Hange-lncreasing Bffect In Live Ammunition
Flight Uurvey Test

shooting range Yrecision

kind of base V¥ - LShooting range
bleed agent (m/s) Bullet A%/ Bullet HD) Deflec- Range incroasing

tion(m) rate (4)

SriNOg) ,~rg . , R .

AP Ttive 290 11008 15031 [a 1/257 14,4
PDitto 520 12877 15027 W 3.1 1/23% 16.7
vitto 690 17500 21867 12.7 1/279 25.1

HTPB-AP 550 1100 12528 17,5 1/220 12.0

a) the original bullet; b) the bullet 'o:vied with the base bleed
composition

temperature is high because of the 5rU, Mg0 in ite¢ combustion product,
and the Mg powder with low molecular weight ensily evaporates as its
low boiling point(1100t) and mukes the secondary combustion in th-
wike of the bullets in flight., By comparsion, the HTPB-AP composite
propellant is not as good as it at uall. as a result, the practical
effect of the present composition as 4 base bleed propellant all is
better thin the HIPB-AP composite propellant in buth the wind tuanel
test and the live ammunition flight survey test.

2. With the pyrotechnic ccemposition as the gas ejection agent, it is
possible to reduc the «verage molecular weight of the combu:stion pro-
duct in the same tyoe cf formulations. Table 1 and Table 2 list the
same type of formulations, In Table 1, the average molecular weight of
the adjusteu formulation No.4 is 33.15, while in Table 2 the average
molecular weightof the adjusted formulation No.2 goes down to 29.46,

If ail the oxidizer is to be replaced by AP, the average molecular wei-~
ght of this type of formulation can be reduced to less than 25,

3. The application o! the pyrotechnic composition tc¢ increas the sh-
ooting range ot the bullet is feasible. Under certuain conditiocns, it
can raise tne :hooting range by a blg margin and has such character-
istics as beirg simple in process of manufacture and being low in cost,
It can be anticipated that the use of the pyrotechnic composition as a
base bleed propellant has great potentialitlies.
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THE BASE BLEED LGNLTER
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1. INTRODUCTI1ON

This paper presents some problems connected with the de-
sing and development of igniters, some examples of existing
igniters, the base bleed propellant ignition in static co-
nditions and the posibility of the base bleed propellant
ignition with Mg/PTFE pyrotechic mixture.

The autor 1is concerned much more with the pyrotechnic part
of the igniter. The base bleed propellant is AP/HTPB com-
posite sclid propellant. The grain is cilydrical in shape
witg central hole and tnree slits arranged by angle of
120~.

Such configuration ensures the desired degresive from (pa-
ttern) of burning surface, and the burning rate for pro-
pellant compositions used so far is about 1 mm/s at atmo-
spheric pressure which gives the burning time of base
bleed from 25 do 30 seconds /1/.

2. THe BASE BLEED DESIGN REQUIREMENTS

To satisfy the function of base bleed unit succesfully the
irgniter must fill aut the 1tollowing requirements:

- 1t must be hermetic,

- Lt must has compact construction to withstand extreme
conditions of firing,

-~ 1t must be 1gnited by hot gun gas,

- 1t must not guench after f{iring during the decompresion,
it must rexgnite the base bleed propellant and bring it
to the stable burning,

- after _gniter functioning its remainig parts must not
fall down and disturbe the flight of projectile.

In this paper only the pyrotecnnic mixture, which 1s the
maiqa part of the igniter, 1s considered.




3. Poe ot DUER PYROTECHN TG MIXTURE REESHEARCH

it order Lo satisty wvhe basic requirements the pyrotechnice
mixture must be pressed n o the steal tcody of the i1gniter
with high consotidtion pressures. The igniter has ftour
noles at the bootom tnrough which tne pyrotechnic mixture
15 tpnited and the combustion products tlow oubt atter
tgnition. I'ne oposite side ol tne Llgniter is coated with
resin or increasing the mechantical strength of pressed
pyrotechnjic mixture and hermetization,

During the ligniler preliminary researches the weli known
pyrotecnnic mixtures were used. The characteristlics of

these mixtures are shown in table 1.

TABLE 1.

‘ . oy v
M1XTIURSE Lp (ty Q P.10 v] vm
/°cy (/s/) (J/g) [Pa/ /mn/si /gis/
B (L
KNOQ 500 (4,5, 12980 3,268 9,5 7,4
Phenolformaidehyide
resin
Mg (iL)
KNO.
3
Ba (NO3;2 500 (4,0) 8780 3,268 6,4 5,7
Phenolformaldehyide
resin ~
Mg (I11)
KCqu
Ba(NO3)9 560 (4,5) 9640 3,266 7.3 5,7
Phenoltformaldenyide
resin
he used simbols denote:
Q =~ heat output of the pyrotechnic mixture
T -« autoignition/temperature of the pyrotechnic mixture

t - induction time

P - consolidation pressure

V. - lipear burning rate in the lgniter body
V - mass burning rate In the lgniter body

Aithoughn these pyrotechnic mixtures give satistfactory pe-
rformance with propellant /2/, yet they had some disasdva-
ntages which required to find more convinient mixtures.
Mixture 1 (s almoust gaslees and most o!" i1ts products are
solid, remarning in the body of the lgniter. Thus, it is
assumed that 1n some cases, L.e hot combustion products,
whicn tlow out Lrought holes at the 1gniter bottom,cou:d™nt
igknite thne base vleed propeilant. The burning rate of v
xture 11 and 11 1s low and this aftecting lreguiar butual-




ng ot propellant during igniter functioning (increased burning
pregoure and erosion ot propellant).

Iln oreder to shorten the burning time Lne experiments were
pertformed in Lhe shortened igniters body and with pirotech-
nic mixtures which nave the higher burning rates. The most
part of Lhis resulitls are presented in table 2.

TABLE 2.

o -8
o . J A,
MLXTURE ép () q P10 Yy "n

/[ C/ [(s)/)  1Jdlgl /Pa/ Jmm; s/ lg/ai
Mg (LV) 2,071 5,00 4,05
KCLOQ 590 (6) 5300 3,268 4,95 4,29
ig:?gltormaldehyide 2,354 4,90 4,52
Mg (V) 2,177 7,10 6,78
KNO3 510 (4,5) 8300 3,268 7,70 6,92
Phenolformaldehyide 4, 354 7,50 7,10
resin
Mg (V1) 2,177 10,0 10,50
Ba (Noa)9 560  {(4,5) 6380 3,268 9,66 10,62
iﬂ:?gltormaldehylde y, 354 9,01 10,3

All mixturec from table 2 gave well results both in static
and dynamics igniter examinations. Hewever, the best resultus
and fthe sncrtest burning time gave the mixture VI, It is
assumed that the optimeal ingiter burning time is between 2
and 3 seconds.

The change in the consoliidation pressure in designacted range
had & little influence on both linear and mass burning rates
and all examinated samples had withstood the conditions of
firing.

The base bleed unit gave good pertformance, and expected inc-
reasing orf a range capability and decreasing ot a dispersion
in range were achieved. (2,3).

~-

4. THE BASE BLEED IGNITION IN STATIC CONDITIONS

In order to carry out the base bleed examination in a sta-
tic conditions the problem of propeilant ignition must be
solved. The ignition with complete igniter is very expansi -
ve and the autor decided to find the simpliest and cheeper
way of tgnition, Ignition with the black powder ol large
particle size and unpressed pyrotechnic mixtures cidn’t give
satisiactory results. Namely,a large number of tailures had
conplicated the examinabtions.

The satisfactory solutlon was [found using the pressed tablec
(mixture (il from table 1) activated with sultlable igniter,
The longer burning time iead to the vetter prepellant lgnil-




tion and enabled ithe propellant to reach Lthe stable burning.
Figure 1 shows the p(7T) cuvve of base bleed unit duriang sta-
tice firing.

5.  THE BASE BLEED PROPELLANT JGNITLON WITH Meg/PUFE MLIXTURLE

The purpose of these exawinations was to study the possibi-~
Lity ol use Mg/PIFE mixtures for the base bleed propellant
ignition. According to the literature data (4,5) tive Mg/PTFL
mixtures was selected and examined in the lgniter body. The
results of this experiments are shown in table 3.

TABLE 3.

ML X T U RE® | v, v Q

¢ Jimmi s/ /g/s/ /Jilg/
Mg - 10 i) 1,90 1,80 4o 42
PTFE - 30
tg - ©0 (VLLL) 1,25 1,18 6002
PIFE - 40
Mg - 50
PIFE - 50 (IX) 1,20 1,14 7349
Mg - 40

(X) 1,006 1,00 876 3

PTFE - 60

Mg - 30 (¥1) 0,85 0,81 BLYS
PTFE - 70

* ' - . o
In these mixtures was used as a binder £,5 g
FC~217% on 100 g of mixture, and consolidati
was 3,268-108Pa.

of flourel
n

Q nressure

On the bases of these results the mixtures VII and X were
selected and examined with base bleed propellant in static
cenditions.

Experiments were perfomed both with complete igniter and
pressed tabletv, where the ignition was activated with fuse
mase up of unpressed mixture [ (table 1) and electric sguib.
The satisfactory results confirmed the possibility of the
use Mg/PIFE mixtures for base bleed propellant ignition.

CONCLUSION

This paper deals with some problems conected with Lhe design
and develcpmen! ot the base bleed igniters and reports the
results of lgniter examination loaded with dilterent pyro-
technloe mixtures.

Thne selcceted pyrotechnice mixtures gilve saiislactory peclo-
rmance (results) both In statio and dynamic conditions. The
solution ol jgaition was proposed {or the base bhleed prope-
lient examinations In static conditions.
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LL was contirmed, according to the results of the examinations
in the static conditions, that successful i1gnition may he
ach.eved with Mg/PTFE mixture, However, it must be confirmed
through examinations in dynamic condtitions.
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IGNITION AND COMBUSTION BEHAVIOR OF MIV IGNITER MATERIALS FOR BASE RLEED
APPLICATIONS

B. L. Fetherolf, D. M, Chen, T. S, Snyder,
T. A. titzinger, and K. K. Kuo

Department of Mechanical Engineering
The Pennsylvania State University
University Park, PA 16802 U.S.A.

ABSTRACT

The pyrolysis and ignition characteristics of an igniter material
composed of magnesium, Poiytetrafluorethylene, and Viton A have been
studied using a high-power (07 laser as the rediative heating source.
Methods of analysic and the instrumentation employed were high-speed
direct and schlieren photography to visualize the flame structure and
gas-phase dynamics, near-infrared photodiodes to obtain ignition delay
data, and probe sampling ani a gas chromatograph/mass spectrometer to
analyze the gaseous products evolved. Important test variables were
incident heat flux, chamber pressure, and oxygen concentration, In
addition, the effect of boron addition on the ignition behavior of the
igniter charge was studied.

Ignition occurred on the samplie surface under all test conditions. A
primary flame, attached to the surface, with a height of 1.2-1.5 mm for
ignition in air was observed, A gas-vhase flame of less intensity was
observed directly above the primary flame, and the magnitude of this
flame was considerably reduced as the ambient oxygen concantration
decreased. At low prescures {~ (.1 «tm), no evident luminous plume
evolutior nd gas-phase dynamics werce observed, and the propellant
decompose in larre fragments evolved at high speeds after ignition,
Experimental res' s for the ignition delay as a function of heat flux
indicated that th. Jelay time decreases monotunically as heat flux
increases, and that decreasing the ambient pressure or the ambient
oxygen percentage also decreased the ignition delay time. For combustion
of the propellant in 4ir and in an inert helium atmosphere, only
hydrocarbon compounds [primarily ethylene (C;Ha), propylene (C3Hg), and
benzene (CgHg)] and CO and £Oy for combustion in air were observed.
However, in an inert atmosphere, pure PTFE {-C2Fg-)p pyrolyzed into many
fluorocarbor compounds, and Viton A (-CgH3 5Fg 5-), byrolyzed into ¢
variety of hydrofivorecsrbons and fluorocarbons. 1t 1s belicved that
these primary pyrolysis species are conswred to form the aforement ioned
hydrocarbon species pius undetected HF and the observed Mghy soiid
products,

1. INTRODUCTION

The development of o refrable and efticient base hleed system to
increase the range of artillery projectiles is currentiy of great




interest., This system is designed to inject gases into the wake behind
the projectile, increasing the base pressure and reducing the profile
drag, which accounts for 50-75% of the total drag. This reduction of the
drag will increase the rainge capabilities of the projectile. To insure
sustained ignition of the base bleed propellant during the transition
from the severe gun barrel environment to the ambient air and also during
the subsequent flight, a supplementary, redundant igniter sysfem is
required. Thus, the base bleed igniter prop2ilant must be able to
sustain burning over a wide range of pressures, temperatures, and gaseous
environments, It must also be durable enough to withstand the tremendous
forces (= 10,000 &'s) of setback acceleration and the centrifugal forces
of high-speed rotation (16,000 rpm),!

Most of the work to date on base bleed has concentrated on the
aervdynamics and selection of candidate propellants. Several researchers
have done theoretical calculations of the effect of base bleed systems on
the aerodynamics of a project11e.2"6 Experimental simulations have also
been conducted to validate the effectiveness of base injection.7-8

Kloehn ard Rassinfosse have written a paper on the manufacture of base
bleed pr‘ope]iants.9 However, very few papers have been published to date
on studies of the performance of practical base bleed motors and their
supplementary reaundart igniter systems.

Magnesium/PTFE/Yiton A (MTV) propellants have been considered in solid
rocket motor igniters and are now being tried experimentally as base
bleed igniter propellants. peretz!0 stated that the use of magnesium as
the metal counterpart is beneficial because it ignites and burns readily,
thus promoting efficient combustion, and requires small amounts of
oxidizing agent to burn. Viton A (-CgH3 5Fg 5-)pn, @ copolymer of
yynilidene fluoride and perfluoropropylene, is often added to Mg/PTFE
formulations to increase homogeneity and facilitate fabrication. Because
of its chemical similarity to Polytetrafluoroethylene,

[PTFE » (-CpF4-)n1, significant amcunts of Viton A can be added without
altering the combustion characteristics.

Peretzll Tisted the following advantages of the MTV formulaticn for use
as an igniter material: high energy content, high degree of safety in
preparation, low temperature and pressure dependerice of the burning rete,
ease and low cost of igniter pellet or grain fabrication, favorable aging
characteristice, and stabnle burning at low pressures. He also listed
several advantages of metal-fluorocarbon compositions in compariscn with
metal-hydrocarbon propellants: higher volumetric heat reiease, higher
rate of reaction, much higher density, excellent thermal stability (due
to the high C~-F bona strength), higher activation energy, and nuch lower
production of soot due to the lower content of carbon, For magnesium,
the standard gravimetric and volumetric heats of fluorination [producing
MgFy(sy] are almost exactly twice as much as those for oxidation
[proéucing MgO(S)].

pros S
urJthu)uQ% J«ra/uwu.nge publiished two of the more conmprehensive pepers
?;D%:p;:}gs?taltstﬁd!es of the combusticn of Mq/PTFE pr0?911dnt5 ¥?El3
their WPeLant also contained 3% Viton A, Chen e © 14, : t
ftu@l&% of thﬁ thermophysical properties and goﬁgugzig:’nf zzrslfg:d%dLEO
?ojyd fuu!s noa strand burner, including the prupnliuu"{hAthi" {;tt
?uu}ggt uf thr@ pdper, they found that the hurﬁiﬁql*\{v Was S
consistestly higher in a nitrogen atwosphere fhén in A}f; dH& they alsp

measured the Yhermal diffusivity to he e
Prmal Gt fusivity to be 1.6 x 10 cnt/sec. However | to




the authors' knowledge, no experimental papers have been published to
date on the digniticn behavior of MTV propellants,

Characterization of the ignition behavior of the MIV propellant under a
wide range of conditions is critical for determining the feasibility,
apnlicability, and subsequent performance of the igniter., Radiative
ignition has been often used in the studies of fignition behavior of solid
propellants, The high-power C0o Tlaser is now the prevailing choice for
the radiant energy source due to its advantages of precise control of
lasing time and energy flux, and a high Tevel of beam intensity that
simulates energy fluxes found in igniters and propulsive devices.

ine overall objective of this research was to investigave the ignition
behavior of a Mg/PTFE/Viton A propellant under v.arious ambient
conditions, to gain a better understanding of the processes governing
ignition, and to correlate this data with conditions experienced by a
base bleed igniter. Specific objectives were: (1) to investigate the
flame structure and gas-phase dynamics during the igniticn trancient
under various pressures and ambient oxygen concentrations, (2) to study
tre variation of ignition delay time as a function of pressure, ambient
uxygen concentration, and incident heat flux, and (3) to analyze the
jaseous species produced during pyrolysis and ignitiun of the MTV
propellant and during pyrolysi. of PTFE and Viton A individually.

2. EXPERIMENTAL APPROACH

A diagram of the ovarall experimental set-up is given in Figure i. The
ragiative energy source was @ high-power Coherent Super 438 CG, Laser,
capabie of producing 800 watts of power in the continuocus wave mode and
3500 satts in the pu'sed moude with pracise conirci of the power output
and lasing time, A beam profile, uniform within ¢+ 10% across the
propellant sample surface, was obtained using an aperture with a diameter
of 7 mm to allow only the most uniform center section of the beam to
irradiate the surface, For all tests, the actual heat flux was measured
with a caiuirimzter., A cubic Plexiglass test chanber, 25 c¢m con a side,
with a stainless steel top cover was used for ignition delay tests and
schlieren visualization., Two high-quality glass windows were instailed
in opposite sides of the chamher for the schlieren flow visualization.
For the species sampling vests, in ~rder tn have ronsiderable species
concentrations, a smaller Plexiglass test chamber, 10 c¢m long by 5 cm in
diametar with aluminum end caps, was emploved. A septum, installed in
the si1de of the chanber, allowed fir aas sampling with a cyringe. The
ton covers of both chambers were fitted with potassium chioride windows,
whict are highly transinissive in the infrared range, for beam entrance.
Pressure and composition of ctha initial gas in the chamber was controlled
rsing a vacuum pump, a pressure/vacuum gqauge, and an inart gas supply
~ystem,

Beth the direct and schiiercn images were recorded with a Spin Physics
2000 video recording system. As seen in Fig, 1, tha system consists of a2
controller, video monitor, and two camera heads, Maximim racording speed
is 17000 pps, hut a 2G00 pps recording rate was »mployed for this
research.  The controller can display both the <chlieren and airect
images simultaneously, allowing direct comparison of the flame <tructure
and gas-phase dynamics, The schiieren system is a “Z-type"
configuration, employing 15 om parabolic mirrers to direst & paraliel
Vigrt beam through the test chamber from a 1090 watt continuou.
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FIGURL 1. Experimental Setup for C0p laser pyrolysis and ignition
research

Turigsten-halogen lamp. The beam is directed and shaped by Tenses and
rectangular apertures at each end as it travels from the light source,
through the chamber, and into the video camera at the uther end.

Ignition delay times were determined using two near-infrared photodiodes
(spectral response: 0.35-1.15 um) to sense the first Tight emission from
a flame or heat production from chemical reactions. One photodiode was
positioned seven cm from the sample anc aimed directly at its surface
while the ~tker one was positioned in an upper corner of the chamber and
aimed 2.5 ¢m above the surface to observe the gas-phase infrared emission,
To 31gnal "zeru-time" on Doth the photcdiode traces and the direct video
image. a strabn light was employed, The data was recorded on a Nicolet
oscilioscnpe and transierred to an IBM PC for procassing.

After a test, samples of gaseous products were drawn from the test
chamber with a cne miliiliter syringe. Tnese gaseous product species
were then analyzed using a Hewlett/Packard gas chromatograch/mass
spectrometer. Most of the samples were analyzed with & Carbopack B/5%
Fluorocol coiumn. The temperature program emploved was isothermal at
50°C for the first 5 minutes and then ramped at 15°C per minute up to
200°C for the remainder of the run. " A column with Porapak Q&R in series
was aiso used to ohbtain data on hydrocarbon species,

3. FLAME STRUCYURE AMD GAS-PHASE DYNAMICS

Figure 2 is a <equence of images depiting the dgnition transient for a
sarple ignited in air &t 1 atmosphere. Both the direct and schlieren
photographs ot the ignition sequence a-e shown. The times helow each

pair of images represent the time elar.ed from the onset of laser heating.
In each pair of imeges, the sample swrface is at the same height;

however, the magnification of the direct image 1s slightly less than that
of the schlieren image.




‘gnitior occurs in Fig. 2a after a deiay time of 19 milliseconds., The
faint Tight emission seen on the sample surface in the direct image
corresponds to the abrupt rice in the photodiode signal (within &
millisaconds) that was used as the criterion for dgnition. The initicl
evolution of a gaseous sphere on the schlieren image occurs silignely off
the center of the sampie due to minor variations in the laser beam
inteusity profile. TIne gaseous sphere expands upward in Fig. 2b and a
pall of flame is established within the dark outer gradients of the
sphere, The flame and evolved gases continue to propagate through
Figs, 2c-2f. A mushroom-shaped gas-phase structure can be seen inside
the outer gradient in the schlieregn picture ir Fig., ze. The cap of the
mushroom is due tco the formation of a vortex resulting from the
oropagation of the initial sphere of gases evolved, and the stem is
formed by the continued evolution of a stream of gases normal to the
surface. The actual steady-stace flame shape has not yet been
established in Fig. 2f, but it is quite similar in size to the inner
flame region that can be seen in the schiieren image. Large particles
can be seen in both the direct and schlieren images in this figure.

SCHLIEREN

)1=23ms

D45 ms e}t =52ms )t =67 ms

FIGURE 2. Ignitton sequence »f the MTV propellant in air at 1 atmosphers
(@ ~ 640 W/im?)

An ignition test conducted at a low pressure of = 0,1 atmosphere 1is
Jisplayed in Fig. 3. Clearly, this ignition process is much less
vigerous than the rather explosive dvnamics observed in the higher
pressure ignition. The first emission of visible light does nct occur
unttl 108 milliseconds, nut the photodiode signal abrupt'y inrreased at
32 miiliseconds. Evidently, the rise in Lhe photodiode signcl was caused
by 2 significant amount of heat (infrared emission) begin evolved well
before the visible light of a flame was owvserved, Tnus, the ignition at
Tow pressure is correlated with the signif-cant evolution of heat from
reactions; the heat evalution does not directiy correspond to the onset
of a visible flame.




Two distinct phenomena ebserved in Fig. 3 are the abundance of very large
particles and fragments evolveqw frum tae samnle and tne lack of any
gas-phase structure in the scTieren pictures. Figuies 3h and 3c depict
tha evolution ard transport of two large fragments from the surface, end
Fig. 2d shows the first sign cf a substantial flame zon2 estaclisned an
the surface. Then in Figs. 3e and 3f, huge amounts of very large
particles are evolved as the .mple "burns™, In this tast, the side
surfaces of the sanple were not inhibited, and particles evolved
horizontaily in Fiy., 3f are a result of side burning. After the {est,
these particles Tully coated the schireren windows 15 c¢m from the sample
and blocked the schlieren imace btv the time the sample haa been
completely burned,

SCHLIEREN

b) t= 168 ms

R TEITY.. 2i S .. Wr——

i)t =138 ms e)t=187ms )t=223ms

FIGURE 3. Ignition sequence of the MTV nrope!lant in alr st « 2,1
atmosphera (q" « 430 W/cmd\

A set of images depicting ignition in an inert atmosphere of nitrogen

(= 0.5% 0;) 1s given in Fig. 4. The gas~phase dynamics follow woughly
cvhe same progression as those forr tests in wir. The gradients are
nciiceably darker, though, indicating stronger density and/or temperacure
gradients, ard the flame ctruzture is obviously guite different from the
ignition tests in air st one utmosphere, The flame initially propagates
to a height around 1.0 centimeter above the sample surface and then
recedes to the steady-stale shape seen in Fig. 4f. Comparing Figs. 2 and
4, it can definitely be corcluded that oxvgen plays a significant role in
the reactions that produce @ large luminous plume during ignition. The
final steudy-state Fflane is alwo larger for the case of air.

Finalliy, Fig. 5 displays twc schlieren images with different Jevels of
magnification that were oprained using differ .t focal lengths of
coilimating lenses in fron' of the camera. The lenses used for Figs. ba
ard Sb provide magnifications of 1.8 and 4.5, respectively, of the images
dispiayed in Figs. 2-4. bkoth mayges in Fig. 5 represent ignition in air
at 1 atmosphere., neasurements taken from all tne jimages, idrrespective of

ey s | e A L
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Ay - 58 s 2166 1= 9% ms

FiGURE 4. Ignition saquencz of cae MIV propellant ir an inert H)
gny ironment 1t . atmosphere (g = 23 W/cm¢)
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the level of magnification, corresponded very well, confirming the
accuracy and reproducibility of the schlieren system. These measurement
showed that the primary flame zone established on the sample surface is
1.2-1.%5 mm in heignt.

4. IGNITICN DELAY BEHAVIOR .

The ignition delay behavior of the MTV prooellant was investigated as a
function of pressure, heat flux,and embient oxygen concentration. The
ignition delay times were determined from the photodiude traces as the
elapsed time from the initiation of laser heating to the distinct point
whare the signal rose very abruptly, evidenced by the typical photodiode
trace given in Fig. 6. There is a very abrupt “spike" in the signal
which drops and then rises again to a relatively steady state. This
ignition delay time was normally within 2-3 milliseconds of the time
lapsed until the first Tight emission observed in the direct image.
After ignition, combustion of the samples was sustained until they were
totaily consumed, regardless of the ambient conditions.
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FIGURE 6. Near-field pho%ndiode traze of ignition in air at 1 atmosphere
{(q" = 670 W/:m<)

Figure 7 exhibits the innition delay behavior as a function of ambient
pressure nad incident heat flux., The two curves indicate the pressure
dependence, one for ignition at 1 atmosphere and the other in a relative
vacuum of <0,1 atmcsphere, Most importantly, it can be seen that the
ignition delay times are shorter at lower pressure. Also, the profiles
of both curves as a function of the radiative heat flux from the C0p
laser are quite similar. In other words, lowering the pressure merely
serves to shift the curve down while maintaining the same flux~dependent
profile. Howaver, the reason for the shorter delays at lower pressures
can most likely be rxplained by the results given ir Fig. 8.
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FIGJRE 7. Effect of pressure and incident heat flux on igniticn delay
time of MTV propellant in air

Figure 8 illustrates the effect of the ambient oxygen concentration on
the ignition delay behavior at a constant heat flux. Although more data
is needed to confirm this behavior, the trend is believed to bz correct,
and it represents a significant point in understanding the ignition
mechanisms. The curve shows that the ignition delay time increases with
an increase in the ambient oxygen concentration. This behavior is alsn
the most likely justification for the lower ignition delays at lower
pressures observed in Fig. 7, since as pressure decreases, the
concentration of ambient oxygen also decreases.

Some interesting results relative to understanding the inhibiting effect
of oxygen were presented by Griffiths and Robertson, 1o They did
simultaneous DTA/DTG experiments on the decompesition of PTFE powder and
Mg/PTFE powder mixtures in different ambient gases. They observed that
the decomposition of PTFE was endothermic in Ny and argon but was
exothermic in air, suggesting that the PTFE decomposition products react
with the oxygen in the air, They also observed significant differences
in the DTA curves for the decomposition of Mg/PTFE (1:1) mixtures in air
and in argon but did not discuss the mechanisms that may produce this
behavior.

In this work, it was believed initially that the inhibiting effect of
oxygen observed in Fig. 8 was due to the reaction with Mg to form Mg0 and
thus prevent the fluorine from reacting with the Mg. Since the
gravimetric heats of oxidation and fluvorination of Mg are 24.75 KJ/g and
46.25 Kd/q, respective]y,l1 the reaction of oxygen with magnesium would
generate less thermal energy than the reaction of fiuorine with
magnesium, producing a longer ignition delay in air. However, ignition
delay tests performed on a pellet composed of a 1:1 mixture of PTF: and
Mg without any Viton A showed that the ‘gnition delay was approximately
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FIGURE 8. Effect of oxygen concentration on ignition delay time of MTV
propellant at 1 atmosphere (q" - 400 W/cm¢)

twice as much as that of the MTV propellant under the same conditions,
leading to the conclusion that Viton A is the rate-controlling ingredient
for the MTV formulation. Properties of these polymers that would seem to
substantiate this behavior are the decomposition of Viton A al 589 K16
versus 803 K13 for the PTI., and activation energies of 210 KJ/mol and
350 Kd/mol, respectively. The effect of oxygen on the ignition delay of
the MTV propeliant should then be & result of its effect on Viton A, not
magnesium. As will be discussed in the next section, many of the major
gaseous species evolved in the decomposition of PTFE are also observed in
the pyrolysis of Viton A. Therefore, the effect of 02 on the
decomposition of PTFE observed by Griffitns and Robertson might also
apply to the effect of 07 on Viten A and thus explain the Tonger delay
times in air.

In an attempt to improve the ignition and combustion of the MTV
propeliant, boron was added to several different formulations of Mg and
PTFE. The ignition delay resuits are presented in Fig. 9. The results
indicate that increasing the amount of boron in an Mg/PTFE formulation
significantly reduces the ignition delay time, with the shortest delay
observed for a 50/50 fcrmulation of Boron/PTFE without any magnesium.
Two factors considered in explaining this trend were radiation
reflectivity at the 16.5 m wavelength of the CO0» laser and_thermal
diffusivity. The reflectivity of magnesium is about 0.75,1/ wnich is
much greater than that of boron. Therefore, a large part of the laser
energy may be reflected away from the surface of samples containing
significant amounts of magnesium. It was considered that the ignition
enhancement by boron observed in Fig. 9 may be an artifact of the jaser
and not a practical consideration for the improvement of the ignition of
Mg/PTFE propellants. However, the combustion afrer Taser cutoff of the
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FIGURE 9. Effect on igniticn delay of the addition of boron and Viton A
to a Mg/PTFE propcliant (ignition in air at 1 atmosphere)

Mg/B/PTFE formulation with 30% borcn was much more vigorous than the
formulation without any boron, indicating that the additicn of boron does
have a significant physicochemical effect. Also, the thermal diffusivity
of magnesium is 0.876 cm¢/sec, which is eight times higher than boron.
Consequently, in a sample containing magnesium, in~depth heat transfer is
much higher. This phenomenon lowers the rate of increase of the surface
temperature, which in turn, increases the detay time to ignition,

Another important observation from Fig. 9 is that the replacement of PTFE
in the 50/50 Mg/PTFE formulation with an amount cof VYiton A significantly
reduces the ignition delay time. Kubota ard Serizawal3 reported that the
addition of 3% Viton A to their Mg/PTFE propellant did not alter the
burning rate., However, the MTY propellani tested here contained a higher
percentage of Viton A, and the effect on the ignition delay time was
cbviously significant. The Tower delay times are believed to be caused
by the lower decomposition temperature and lower activation energy of
Viton A, in comparison with those of PTFE, that was reported earlier.




5. PYROLYSIS ANO IGNITION PRODULT SPECIES ANALY3IS

The gaseous species evolved during the pyrolysis of PTFE and Viton A, and
the ignition of the MTV propel!lant, were analyzed with a gas
chromatograph/mass spectrometer, Tests were conducted in both an inert
atmosphere and in air to investigate tne role of oxygen in the ignition
processes, Solid ignition products were also analyzed with a Scanning
Flectron Microscope.

The pyrolysis of PTFE in an inert N» environment at one atmosphere
produced the total icn chromatograpn g1ven in Fig. 10. The sample was
heated twice by a heat flux of 430 W/cm? for two seconds each time. The
most abundant species evolved are CsFg, CpFg (the monomer), C3Fg (two
isemers), CFgq, and two isomers of CsFg. Interestingly, the most abundant
species, perfluoroethane (C,Fg), was not 7fsted in & depolyinerization/
degradation chart for PTFE presented by Elias,! 8 but was the most
abuandant compound observed in the pyrolvsis of both PTFE and Viton A.
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FIGURE 10. Chromatograph of the pyrulysis of PJFE tn an ineit N;
environmeni at 1 atm (q" = 430 W/en? for 2 heatings of 2 sec)

Figure 11 compares the inert pyrolysis of PTFE (shown in Figs. 10 and
1laj with the reaction of PTFE in air at 1 atmosphere. Figure 11 shows
fhat the amounts of C3Fg and C4Fg decreased siightly for pyrolysis and
reaction ir air (Fig. llb), compared to pyrolysis in nitrogen {Fig. 1lla}.
The amount of CpFg appears to remain che same., The amount of CFy
appeared to increase in Fig., 11b, but the mass spectrometric breakcown of
that peak indicated that CO and CO? were also eluted at that time, and
the three compounds could not be 1nd1v1dua51) reso)ved. erff1ths and
Pabertsonld reported that CO0» and CF20 had ieen founc by several other
reseairchars for the reaction of PTFE in air. However, the existence of
CFy0 could not be confirmed by the present apparatus. Using a
micrchburner to study the premixed burning of several fluorocarbon-oxygen
mixtures, Matulal9 reported significant burnrng of mixtures containing
C3Fg and Cqrfg. He also reported that CpFg-0p and CFg-0p mixtures coulc
not be iqnited at one atmospher> of air. These results are consistent
wich the results presented in Fiy. 11,




1,587 (a) Pyrolysis in inert Np environment at i atm

4]

0

c -

5 1.BE?
ho]

C

3 5. QEB
0
a I j\

B lA L L4 > RS L4 - R ¥
2 9 6 8 19 12 14
Time (min.)

o j {b) Pyrolysis and reaction in air at 1 atm

4] 1. SEP']

C ]

] N

s 1.8E7

c 1

3 ]

a 5.09EGT

T b ’

a LA ’ v | —
2 4 6 8 18 12 14
Time (min.)
FIGURE 11, Chromatograph of the pyvolysis of PTFE {q" - 430 W/em for 2
heatings of 2 sec)

Figure 12 gives the totai ion chromatograph for the pyrolysis of Viton A
in an inert Np atmosphere. The major species evolved were CF3H, Cafg, |
CoFa, CpF3H, CoFgH, C3FgHp, C3Fg, C3FsH, CaFghp, CsFro, CsF7H, and C4Fe.

The two most abundant species evolved were Cpfg and C3Fg, which were also

the most abundant species, along with the mononer, that were evolved from

PTFE. The similarity of products between PTFE and Viton A substantiates

the claim that the effect of oxygen on the deccrmpositior products for

Viton A and PTFE may he quite similar. Interestingly, no CFgq was

observed tor Viton A, but a peak observed at the same time it is normaily

eluted contained CF3H. A trend was observed wher? fluorine atoms were

replaced by hydrogen atoms in scme of the more common CpFp structures

(i.e., CaFg => C3FgH).

The chromatographs of the gaseous product species evoived for the
ignition ard combustion of the MTV propeliant are presented in Figs. 13
and 14. Since the 5 millimeter cubes of propellant were totally consumed
after ignition and the gas samples were taken after the test was over,
the species analyzed were the products of sustained combustion and not
just ignition. Figure 13a displays the results of tests conducted in
air, and the tests for Fig. 13b were conducted in an inert nitrogen
atmosphere. Magnesium compounds were not observed in the gasenus state
in eicther case. As was seen in Fig. 11, tests run in air also produced
CO and COp as well as most of the other products identified in the
combustion in an inert atmosphere.

The rest of the peaks observed in these chromatographs establish an
important point to be corsidered in the mechanisms of ignition and
subsequent combustion of the propeiiant. Almost all o the species
observed for combustion in both air and an inert Np atmosphere were Cahp
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FIGURE 12. Chromatograph of the pyrolysis of Viton Am}n an inert N»
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2 seconds)

compounds, and the numerous CyFp and CHyF, observed in the pyrolysis of
Teflon and Viton A were not found in the combustion of the MTY propellant.
A probable explanation is that the primary pyrolysis species are consumed
to form undetected HF or to form the observed MgF, solid products. Also,
the small peaks from 3-~13 minutes observed in the inert combustion tests
are not evident in the ccmbustion in air; clearly, the combustion in an
inert atmosphere is not as compiete as that in air.

In Fig. 14, gas samples of the MTV propellant ignition and combuystion in
air were also run through a series of Porapak Q and R columns for species
identification. These columns are more applicable to detecting CaHy
¢ompounds. However, only a few compounds of this type were detected,
though, in small amounts, as well as a significant amount of CO and COo.
These results verify the results given in Fig. 13a for the same
experimental conditions using the Carbopack B/5% fluorccl column for
analysis.

X-ray diffraction analysis was also used to investigate the composition
of the condensed-phase species evolved during the combustion of the
propellant. W#™gFy, Mg0, and carbon were detected in varying amounts,
depending on the test conditions. 0f course, Mg0 was only detected ir
sigrnificant amounts for the combusticn in air,
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6. SUMMARY AND CONCLUSIONS

The pyrolysis and ignition characteristics of a Mg/PTFZ/Viton A igniter
material were studied under radiative heating by a high-power €0 laser.
The ignition sequence was recorded by both direct high--speed video
photography of the flame structure and schlieren flow visualization of
the gas-phase dynamics. Ignition delay times were obtained as a function
of incident heat flux, pressure, and ambient oxygen concertration, A

gas chromatograph/mass spectrometer was used to analyze the pyrolysis and
ignition products of t'.e test sample and its constituents,

High-<peed videu photography showed that ignition always occurred on tho
sample surface. A primary flame zone attached to the surface with a
height of 1.2-1.5 miilimeters was observed in bhoth air and inert gas
environments at one atmosphere. The size of the Tuminous jas-phase plume
above the primary flame decreased with a decrease in ambieat oxygen
concentration for tests conducted at one etmosphere. However, at a
pressure of ~ 0.1 atmosphere, no evident plume evoiution and gas-phase
dynamics were observed, and the igniter material decouposed in large
fragments.

Ignition delay times decreased monctonically as heat flux increased,
pressure decreased, or ambient oxygen concentration decresised. The
effect on ignition delay of adding boron or.Viton A to a oasic
compcsition of Mg/PTFE was 2lso investigated., The addition of boron
siygnificantly lowered the ignition delay time and greatly enhanced
combustion. The addition of Viton A, which has a much lower
decomposition temperature and activation energy than PTFE, greatly
Towered the ignition delay time, which led to the conclusion that Viton A
is the rate-controlling constituent for ignition of the MTV igniter
material.

For combustion of the propellant in both inert Ny and air environments

at one atmosphere, the oniy gaseous product species detec:ed were several
hydrocarbons, with the addition of FO and COp in air. However, for
pyrolysis of PTFE and Viton A individually in an inert N2 environment,
numerous fluorocarbon species, and hydrofluorocarbons 7or Viton A, were
detected. It was concluded that these primary pyrolvsis species are
consumed to form the detected hydrocarbons, €O and Cug;, for combustion in
air, undetected HF, and solid MgFo and carbon. These condersed phase
products were identified with a scanning electron microscope. Solid Mg0
was also observed for combustion in air.

In summary, the MTV “gniter material with the additien of boron is highly
recommended for base bleed applications, due to its suitable ignition
behavior under various gas and low-pressure environments,
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DEVELOPMENT AND PRODUCTION OF BRSE HLEED GRAIN FOR
155 MM GUN

Haugen, Steirar Melby, Knut Oppecdxd, Arvthur

Defence Products Division
RAUFQSS A/S
2830 Raufoss Norway

1. INTRCDUCTIONM

Raufoss A/S first involvement in the basebleed system was
production of baseblzed yrains for BOFORS in Sweden. The
first deliveries were for 7% mm guns in 1983. Shortly
after producticn of grains for 120 man followed.

The baseline propellant was a composite type witn
hydroxyltertinated polvbutadiene (HTPB) bincer system and
witch 80C% ammonium perchlorate (AY).

A central patent which covers several aspecis of the
basebleed concept including propellant type, is a
Swedish patent held by Mr. Gunners, Hellgren and
Liljegren (ref. 1).

The dovelopment of the composiite propellant basebleed
grain was performed mainly at the Swedish National
Defence Research Institute (kn.wn as FOA in Sweden).

The results from the devalopment work are published :in
public reports mainly. Some of the main reports which
also will serve as a source of references to cther work
are: Liljeyrens study cof the combustion of fuel-rich
HTPB-propellante with ammonivm perchlorate as oxidizer
{ref. 2) repcerted in 1979%, Gunners, Hellgren, Liliegren
and Nilssons raport dated 1979 on designing and testing
of a basebleed system for 155 mm gun (ref. 3), Liljegrens
repert trom 198C on experience from production of
composite propellant basebloed grains fcr 105 mi gun
rounds (ref 4), Nilsson and Sandens report from 1981 on
ageing studies of HTPB composite propellants end linerx:z
for rubberbased inhibitocs (ref. 5) and Schwarts’ report
dated 1982 on methods and rezults from testing of
propellant mechanical properties and bond strength
betwaen innibitor and propellant 'r2i. 6).

Fox the time being, RAUFO0SS is producing compusite
pvropellant basebleed ¢rains for 155 mm gun ammuniticn for
BOFORY. The present production is bhased on a revised




conerpt for the basebleed system.This is a result of
development work performed after a problem was
encountered in upscaling to 155 mm ammunition.

Z. INITIAYN BASEBLEED DEVELOPMENT ACTIVITIES AT HAJTONRG

2.1 Background

The initial production of basebleed grains for 75 and 120
mn guns was based on a3 complete data package submitted by
BOFORS. There were some discrepancies with RAUFORS’
production knowhow. Changes were proposed to and atcepted
by BOFORS. Propellant changes during that periocd will be
described in th= following.

2.2 Bording Agent

The propellant contained a bonding agent. A producticn
process for that agent was developed by Mr. Nilsscp and
Sanden, FCA,for HTPB/AP propeliants (ref. 7). Bonding
agents improve the mechanical punperties of nompesite
propellants by increasing the adhesive strength between
the AP particles and the polymer, ara are recoynized as
necessary ingredients in HTPB composite propellants.

The specified agent was a condensation product of
tartaric acid and methyl-aziridyl-phosphine oxide (MAFO)
which is a curing agent for carboxylterminated
polykbutadienes. RAUFOSS propcsed t2 us=2 another pondinc
agent from the amine family of chemicals. The rationale
for this chaenge was mainly to prevent personnel from
ex;.0sure to carcinogene agents in the processing of
bonding acernt ana propeliant. The new agent, accnrding to
our knowledge, also had better ageing properties in a
humid environment.

fests were periormed where propellart samyules with
cirtforent ponding agents woere exposed to air with vavied
relative bumiidity. The shape of the samplas wers stardard
JAMNAF dogbones which have a molisturs diffueiss veb of
approximately 2.5 mm. After exzesuTa The sempes were
aried. The mechanical properties were wiegsurzd belnre and

afrver the treatmeni:., Resnlis ary given in fig. 1.

Even this short Juractiorn tesht inaicated difierences in
moisture sensitivivy. When exposcd tu moisr air, lLhe
propallant with the new burding & =t seems to e able to

regain its ialvial propsrties whan it L& dried. Vhe
nrevicusly vsed bounding agent ceews t0 Pecoms

irreverasipily deterioratesd ALy 3xNposUYe oC meistura, but
is less swaoitwve to shorttime ovposurse. “his differance
i properties i3 impoctar? to reairze when estapilishing
procadures for tandling of arains ouwring vrocessing and
by the u=er




Howaver, moisture access to cowrpocite propel.ants is
always a problen whan mechanical properties are
concesned. This e ildlustrsted by fig., zZ. it is 4 plot of
the welation betweean mechanical propecries of a
propellani vereus relative humidity in the ailx with which
the propellart ig ir eguilibrium. The propellant contains
the amine boanding agaat.

2.3 Antioxidant

A numbey of antioxidants are available for HTPB, RAUPOSS
produce & aumbker of propellart rormulacions, and strive
for a reductior of the number of chemicals stored inhouse
for economical reacorns. We proposad to change the
anticxidant in the basebleed propellant.

Pgeing tegts at elevated temuerature wers perinrmed Lo
verify that no reduction in preopellanc shelflife was
noroduced by these changes in the formulation.

The effect of humidity uwn ageing was included in the
tests. Propellant samples were stored in rontact with aicr
with a range of different relative humidities up to 75%.

3. DEVELOPMENT OF BASEBLEFED GRAIN FOPR 155 MM GUN

3.1 Problem definiticsn and development resources

Inside the gun barrel the grein is expesed te an
snpvironnent with extreme deformetion potential,
Defovrmation of the grain is & result of the combined
forces from gas pressure and linear and rotarvional
acceleration. A main design goal fcr pasebleed systems
conseJuentliy is to awvoid that the grain ig strained
beyond ite failure limits.

A strain problem was encountered in the LS55 am basebleed
wnd towetn wnchanged propelliant and upscaled grain
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BOFORS solved the problen for the ongoing production of
basebleed systemes for 155 mm gun by special mechanical
designs combined with a slightly modified baseline
cropallant. RAUFOSS continued the development of the
piropellant *or a possible revision of the basebleed
system in the future.

3.2 Description of special test equipment

BOFORS has equipment to test propellant samples exposed
to high rate cof compression. Small cylinders are
compressed at a predetermined rate. A number of samples
are compressed to cdifferent preset values with
registration of load vs. compression. After the test, the
samnles are visually inspected to determine cracking. In
this way the failure limits for a propellant are
established.

An example of compression force versus deformation curves
is given in fig. 3. In this example the line represents
test data for a sample which is compressed 64% of its
injitial height. The points in squares are calculated from
uniaxial tensile test data, and agrees very well with the
experimental curve up to about 35% compression.

The Swedish government has special equipment for

testing of propellant grains exposed to axial
accelleration of the same magnitude as in the guns, and
subsequent retrieval of the grain for visual inspection.
Fig. 4 is a sketch of this equipment. Its main components
are a 120 mm gun and a long tube. The projectile, which
contains the test object, is fired into the tube, and
braked by the air in front of it. The compressed air is
vented ouc at a rate giving an unharrful retardation of
the test object.

Fig. 5 is a test projectile with a basebleed grain.

To measure maximum deformation during acceleration, a
witness rod is positioned in the grain bore. It is
covered with wet paint which will be transfered to the
grain where contact has been established during the test.
By varying the witness rod diameter, the deformaticn can
be re=gistered. The grain also is visually inspected for
cracks after the test. Limitations in this tests validity
for what is happening in gun firings, are the lack of
rotation and exposure to gas pressure.

The high rotation rate of spin-stabilized projectiles may
have an influence on the burning characteristics of a
basebleed grain. Possible effects of propellant changes
were tested on BOFORS' spinstand. Fig. 6 are examples of
pressure - time traces for baseline propellant grains
burned with and without rotation. Tn this example the
rotation increases the pressure  in the middle of the
barntime.




3.3 Propellant development

The main goal for the propellant development was to
improve the mechanical properties. The main limitations
to be observed in the developrent are the requirement of
fuelrich propellant (max. 80% solids) and stable burning
at low pressure which as a general rule determines a
lower limit for oxidizer content.

The initial studies were mainly variation of particle
size distribution and cure level. Binder system was not
changed. This is ccnventional techniques, and will not be
discussed here. The novel parameter we introduced, is the
use of fibers to obtain a tougher propellant.

Previous use of fibers is described by L.J. Van de Kieft
et.al. (ref 7). In 1982 published investigations on the
effect of fiber reinforcement of gun propellants.

Screening activities comprises of mixing in a 1 gallon
mixer to obktain processing data, dogbone samples for
tensile testing and strands for burning testing. Some
promising formulation has been tested by BOFORS in the
special test equipment for basebleed grains.

Different fiber types of short fihers, some coated types,
has been added to AP/HTPB propellants. We have found that
just very small additions of fibers to propellants with
low solids loading has a significant effect on the
mechanical properties of the propellant. Some may have an
effect on burning properties.

As an example we have chosen some effects of carbon
fibers added to the baseline propellant for the basebleed
system. Fig. 7 - 9 are plots of the effect of carbon
fiber concentration on mechanical properties. Fig. 10 -
12 are plots of carbon fiber length vs. mechanical
properties.

Fig. 13 demonstrates the effect of fibers in high rate
compression tests. Four samples are compressed to
different degrees. The broken line represents the
baseline 80% solids propellant.

Basebleed grains with 0.2 % carbon fibers were burned in
BOFORS’ spin-stand. Carbcn fibers did not have
asignificant effect on burning properties on neither
static nor rotating grains.

3,4 Conclusions

Fiber addition. Small amounts of well distributed fibers
added to a ceomposite propellant with low solids loading
have a significant effect on mechanical properties.
Variation of fiber type, size, coating and amount added
is a powerful tool in tailoring mechznical properties of
such propellants.




Burn tests of 155 mm grains on spinstand revealed no
significant change in the burning properties when carbon
fibers was added to the propellant.

Propellant for 155 mm basebleed. The ongoing production
is a slighly modified baseline propellant without fibers.
The grain cverstraining problem was solved by BOFORS by
introducing a special mechanical design.

4. PRODUCTICN OF BASEBLEED GRAINS FOR 155 MM GUN AT
RAUFOSS

Fig. 14 is a flowchart for the present bhasebleed grain
production at RAUFCSS. A blend of coarse and ground AP is
mixed with polymer, additives and curing agent in a 300
gallon Baker-Perkins vertical mixer. Propellant is cast
and cured according to standard procedures.

Grains are machined to correct dimensions and inhibited
with curable inhibitor according to RAUFQOSS processes.
Special production equipment was designed and built by
RAUFOSS for the production of basebleed grains for 155 mm
gun ammunition.

Quality control of the propellant and the grains are
testing of
- Mechanical properties
- Burn rate at ambient pressure and no rotation
- Peul test of propellant/inhibitor bond
- Weight and dimensions.
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1 : 50% compression, no cracks.
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ABSTRACT

The fluid dynamic aspect of the efiect of base bleed is briefly re-
viewed. Earlier understandings on the basis of interaction between the
viscous and inviscid streams can adequately exnlain the three different
flow regimes as results of base bleed. The 2f ‘ect of energv additicn ic¢
the wake has also been ascertained from fthis approach. With the de-
tailed numerical computations of the flow by solving the Navier-Siokes
Equations becoming available, the effect of bhase bleed can be i1lus-
trated by providing appropriately boundary ronditions of the bleed at
the base.

INTRGDUCTION

Flow studies on the pressure prevailing behind the nlunt based bodies in
{1ight have teen prompted by the considerable impertance in its
practical applications. Sirce this pressure--the base pressure, is
usually much Tow.r than that of the free stream, i: constitutes a major
portion of the overall drag experienced by the body. Although early
studies of low speed flow around blunt based bodies tended to be over-
shadowed by the phenomenon of vortex shedding, research initiated since
the advent of high speed flight resulted in a slow unriaveling of the
processes and mnechanisms which control and establisn these flows. The
essentially inviscid external stream establishes and determines the
overall fiow patrern including the low pressure prevailing within the
major portion of the wake. On the other hand the viscous flow
nrocesses, such as the jet mixing along tne wake boundary, recompression
at the end of the wake and the ensuing process cf flow redevelopment,
establish and determine the "courresponding inviscid body geometry."
Thus, a low base pressure is the result of the strong interaction
between the inviscid and viscous flows; the latcer being attached to the
inviscid flow in the senwe of the boundary layer concept. Naturally the
method of controlling and reducing the base drag becomes also part of
these investigations.

*Present Address: Deparcment of Mechanicai Engineering, Florida
Atlantic University, Boca Raton, FL  3343]




One of the effective ways of reducing the ndse drdg is to increase the
hase pressure through base hieed. [t has been learned tnat hy bleeding
a certdain amount of reiatively hot fluid in the vake, the base drag can
be roeduced. Tt 1s the intenticn of this paper t¢ present 4 hrief review
on the fluid aynamic aspect of the base blead. Flow models for such
studies and the influence of base bleed from the early cruce analysas up
to the sophisticated approach through solving the Navier-stokes
equations are vresented 1 the following sections.

STUJIES ON THE BASTS OF STRONG INTERACTION

Nearly three decades ago, the second author had the opportunity of
examining tne effect of base bleed with a small scaled mode’ (Fig. 1)
similating a projectile in supcrsonic flight [1]. For increasing
stagnation pressures of the bleeding jet issuing from the center noriion
of the base into the wake, it was learned that three discinctly
different flow regimes exist (Fig. 2). Starting from che no-bleed
condition, where a Tow base pressure prevails throughout the base-wake
region, the hase pressure would increase as the stagnation pressure of
the base blieed increases. Under this condition, all the mass of bleed
is entrained into the mixing region along the wake boundary of the slip
stream, and the flow condition (indicated as Ragime [) is depicted in
Fig. 3. This trend of increase of the base pressure persists until a
maximim base pressure is reached. Thereafter, as the stagnation
pressure increases, the momentum of the bieed is strung tnat the part of
the jet can overcome Lhe high pressure prevailing at the end of the wake
as a result of flcw-recompression, and the base preassure would de-
crease. This type of flow pattern is shown in Fig. 4 (identified as
Fegime [I). The base pressure would continue to decrease as the stag-
natiun pressure of the base bleed increases until a relative minimum is
reached. Thereafter for higher stagnation pressure ratios, the jet is
so strong that it becomes a supersonic stream itself and the base
pressure increases again relative to the pressure of the slip stream.
The flow pattern pertaining to this region (Regime III) of the flow is
denicted in Fig. 5. The interaction between the ftwo supersonic streams
is cuch that an equilibrium base precscure is reached. In Fig. 5b, where
detailed flow field at the end of the wake is shown, the slip stream is
pumping out a certain amount of flu:d from the wake while the jet stream
is faeding an equal amount into the wake so that ar equilibrium situ-
ation can be maintained. For unusually high jet stagnation pressure
ratios, the base pressure may even be higher than that of the approach-
ing frea stream, and the plumming jet may even cause separation of the
slip stream away from the wall ahead of the base {plum-induced
separation).

The above description on the effect of base bleed has bean observed and
supported by many experimental investigations [2-5]. The theoreticai
description and explanation of the phenomena [1] were based on a simple,
crude, yet effective component analysis originaily developed by Korst
[6). By studying the constant pressure turbulent mixing process in con-
junction with an “escape” criterion at the end of the wake, &n equil-
ibrium base pressure solution can he reached by imposing the principle
of macs conservation within the wake. Although this study (1} was
carrvied out with a two-dimensional mode! with a supersonic slip stream,
it is equally applicable to an axisymmetric configuration as the
separated flow Tield is gqoverned by the same flow mechanisms of viscous




interactions. [t may also be conjectured that similar phonomcoon a'so
exists for other fiow regimes of the slip stream,

Through a similar consideracion, the effect of heat addition into the
wake through conducting walls on the Lase pressure has also heen
examined [7]. Figure 6 presents a set oi resuits for a flow past a
backward facing step showing the influence of heat addition (or
pxtraction) on the base pressure ratio without any mass addition, wnile
Fig. 7 shows the orfect of both mass and heat addition for tihe same
rieblem.  Experimental verification on the effect of hoat addition is
also presented in Fig. 8 {7]. Obviousiy heat addition provides the same
favorahle influence as the mass bleed.

The meihods of analysis on viscous fiow vocompression and radevelopmant
were improved and developed iater {8-12]. These more refined analyses
have been employed to study base pressure problems in supersonic,
incompressible and transcnic flow regimes. specifically, the study of
fransonic flow past a projectiie based on an equivalent body concept
yielded the detailed breakdown of the fore-body drag, the skin friction,
and the base drag. Indaed, the base drag is always a major portion of
the tutal drag experienced by the projectile (see Fig. 9). The merit of
boattailing has also been substantiated and explained [12]. It is
conceivable that the effect of base bleerd nay be examined with these
improved analyses. Since the schemes of jarge scaled numerical
computations have been developed, this efrort has not been pursued,

STUDIES THROUGH SOLVING THE NAVIER-STGKES EQUATIONS

As more powerful (both in speed and memory space) digital computers
become available, it is quite ponular to examine flow problems by
solving *he Navier-Stokes eguations with adequate turbulence modeling,
Indeed one of the major research activities of the first author has been
the study of hase pressure problems with or without bleed, by solving
the Navier-Stokes eguetions in the transformed coordinates. Upon
adoptirg a thin-layer approximation of the transformed Navier-Stokes
equacion, the phenonena of base bleed in any of the foregoingiy
described f'ow regimes can be completely predicted from this approach by
simply providing the appropriate beourndary conditions in the base regien
(conditicns of the bleeding jet). Results obtained by the first author
and his colleaguss [13-17] have supported the observed influences of the
base bleed thioughout all three flow regimes. Figure 10 shows the
detailed streamline pattern of the flow within the regime [, where all
mass of bieed has been entrained into the mixing region. It can be
edasily cbserved from thic figure that i) the horizontal hleed core flow
persists farther downstream witnin the wake for a larger mass blewed
parameter (J) before it is completely entrdaindd into the mixing region,
and ii) Jjudging from the shade simuiating the Prandtl-Meyer expansicn at
tke corner, larger mass bleed parameter corresponds to a higher hdse
pressure ratio. Indeed, tris increase in pressure is also observed in
the early phds=z of the hleed for the case shown in Fig. 11. Figure il
alse shows a drop in the base prassure ratic for a higner stagnation
nressure of the hieading jet {(or a larger bleed parameter) which
corresponds Lo the Flow conditions within the Regime [1. A detailed
stream!line plot dees indicate that some of the bleed fluw can penetrate
the downstream region of g nigher prressure {see Fig., 12y, ¥igure 13

<hows the case of higher et staynation pressure ratios, where the Lilsed




stream becomes a plumming jet. This is chviously the flow condition in
Regime IIl. The base pressure increases as the stagndation pressure (or
the static pressure) of the jer is increased. A detailed streamline
flow pattern of the plumming jet is shown in Fig. 14. The interaction
between the jet and the free stream resuylts in a pair of recirculating
bubibles in the near wake. Many other investigators have also computad
the popular MICOM problem [18-20] within this flow regime.

For all these numerical comoputations, there is only the effect of mass
nleed if the stagnation temperature of the jet, T ., equals to that of
the free stream, T, . Should T, > T, . the results corresponds to the
combined influences of both the flass 3nd energy additions. Such a
simulation can easily be produced by simply charnging the temperature
boundary condition at the bieed exit.

CONCLUSIONS

A short review of the fluid dynamic aspect of the effect of base bleed
is given. From the interactive study, it was observed that depending
upon the relative level of the stagnation pressure of the bleed stream,
its influence to the bhase pressure ratio can be classified into three
gistinctively aifferent flow re2gimes. The effect of energy addition to
the wake can also he ertracted from a simple component aralysis.
However, since the schemes of large scaled numerical computaticn of the
Navier-stokes equation became available, it has been showrn that the
effect of base bleed can be effectively simulated by providing the
appropriate boundary conditions of the bleeding stream at the base. [t
may be anticipated that the effect of combustion by bleeding fuel into
the wake may be interpreted in terms ¢f the effects of mass and energy
additions. Again, when chemical reactive computer code is incorporated
into the present Navier-Sto«es solver, this phenomenon can be simulated
by simply specifying the concentration of various reaccive species at
the bleed exit.
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NAVIERSTOKES COMPUTATIONS OF BASE BLEED PROJECTILES

Charias J. Nietubicz and Jubaraj Sabhu
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Aoerdeen Proving Ground, Maryland 21005-5066

INTRODUCTION

ine ability to compute the base region flow field For projectile config-
nrations using Navier-Stokes computational techniques has been developed
over the past few years, This carability is most important for deter-
mirning aarodyramic coefficient data and in particular the total
aeredyramic Jdrag. The total dray as described in this paper consists of
the pressure drag (excluding the base), viscous drag and base drag
componenis, Ar transonic and low superscnic speeds *he base drag
component is the major contributor to the total aerodynamic drag.

The majority of base flow calculations to date have modeled the base
regicn 55 a Tlat solid surface. Many of the actual configurations have
some form of base cavity. General opinion has been that the inclusion of
a hase cavity or modifications to the interior cavity of a projectile
beve would nave little or ng effect on the overall flight performance
pavaweters., In addition to base cavities projectiies are currently being
aecagred which inclune pase bleed and base burning.

The M6 Lase burn projectile is a ~onfiguration of current interest and
includes hoth o dome base cavity and a base burn capability. A schematic
i shown tn brqure 1. The shepe of the MB64 is similar to that of the
araauct dmprovea M825 which also contains a base cavity.! Very limited
lata exists Vor the M864 and the effects of both the dome bhase and the
addition of base bieed are not well understood. Range firings have been
conducted for the MBE4 with an inert base burn motor and active motors,
Raductions 1in hase drag of between 30-50% have been found during the 30
second meter bur

A Navie--Scokes computational study s in progress to determine the aero-
fynonic coefficients for the MB64 both with and without basc bleed. A
flat rase MBG4 calculavion was performed to determine the oifect of the
ha v nevity, The use of Navier-Stokes codes can provide a detailiad
description ¢f the flow fieid associated these configrorations as well as
the integrated cercdynamic ceefficients, The work to date has been
aeeamplished us.ng an axisymmetric base flow _ode, Numerical computa-
tions have Leen compieced for a Mach number range of .7 <M < 2,4, Ihe
computed aerodynamic drag show a swall reduction 10 the rotal aeroaynamic
dean for the dome configuration.  Additional drag e iuct on was found by
medotipg cobd wass addition in the base ragion,  Further reduction in
drao was feund with hot mass injection, Qualiitative festures of the
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computed flow fields are presented in the form of velocity vecters, and
particle paths.

GOVERNING EQUATIONS AND SOLUTION TECHNIGUE

Governing Equations

The complete set of time-dependent, thin-layer, Navier-Stokes equations
is solved numerically to obtain a solution to this problem. The numeri-
cal technique used is an implicit.finite difference scheme. Although
time-dependent calculations are made, the transient flow is not of
primary interest at the present time. The steady flow, which is the
desired result, is obtained in a time asymptotic fashion.

The time-dependent, thin-layer, Navier-Stokes equations written in strong
conservation law form for the axisymmetric formuiation3 are:

- ~

%q  GE  8G 4 188
St 5§ §¢g e o

(1)

The general coordinate transformations are defined as:

£ = &£(x,y,2,t) - s the longitudinal coordinate
5 = 5(X,¥,Z,t) - i35 the near normal coordinate
T =t - is the time

The vector 0 conta1ns the dependent variables [p, pu, pv, pw, €] and the
flux vectors r. F contain terms which arise from the conservation of

mass, momentum and energy. ine source vector H, in.Equation (1),
contains terms wnich result from an analytic determination of the
circumferential flux vector given the assumption of axisymmetric flow and
constant angular velocity.? The viscous terms are contained in the

vector S which is seen to have variation in the ¢ direction only. This
is representative of the thin-layer approximation,

Solution Technique

The numtr1Cu1 algorithm used for the solution of ftquation (1) is the Beam
and Wa.ming" 1mp]1th approximately factored, finite-difference scheme
which uses cantral differencing 1n both & and ¢ directions., Code
improvements have been ingde to include 3 variable time et@ , Numerical
sagothitng based on local solutiorn gradients and code vecto~ization.,” The
Begm-Warning implicit algorithin has been used in various applications for
the equations in qereral curvivinear coordinates. The algorithm is
first-urder cccurate in time and second- or fourth-order accurate in
space, Central difterence operators ore employed; the algortthi produces
a block tridiagonal system fo, each space coordinete,  The main compubce-
tional work is-contained in the solution of “hese block tridiagonal
systems of eduations.




To suppress high frequency components that appear in regicns containing
severe pressure gradients e.q., shocks or stagnatien points, artificial
dissipation terms are added. In the preseni application, a switching
dissipation model is used which 15 a blend of second- and fourth-order
dissipation terms. This is similar to the model used by Pulliam® which
uses a fourth~.order dis<ipation in smooth regions and switches to a
secocnd-order dissipation in regions containing high pressure or density
gradients, Incorporation of this dissipation model has resulted in an
improvement in the quality of the results and has made the code more
robust,

The axisymmetric code that soives Equation (1) u¢ s a unique flow field
segmentation procedure to compute the fuil fiow 1 21d over a projectile
or a missile including the base region. The details of this can be vound
in Reference.’” For the computation of turbulent flows, the two-layer
algebraic, Baldwin-Lomax, turbulence model® is used over the projectile
body.

BOUNDARY CONDITIONS

The outer computational boundary was kept at approximately 12 body
diameters from the body surface. This allows free stream conditions to
be imposed at the outer boundary. At the downstream boundary extrapola-
ted outflow conditions were used.

Viscous boundary conditions were imposed on the surface using no slip at
the wall. The normal momentum equation is solved at the wall for p,, the

normal ﬁressure gradient., The free flight wall temperature is specified,
Using the time tagged pressure, the density at the wall is determined.

The base bleed boundary conditions initially used were as described in
Reference 9, where the bleed conditions are iteratively set. The current
boundary conditions do not require interation and follow from knowing the
cemputed pressure and flow field variables at each time step. The bleed
boundary ccnditions are thus lagged in time. The bleed conditions (pu)i,
and T, are specified while Py = Py is the pressure at the interface \
J ) '
boundary at time step n., The bleed stagnation pressure, Pg.» is defined
N

and the bleed properties of p. and T.j are known, By specifying the mass
injection rate as: ? -

p.uCA.
N I

e A

o oo’ 'y

the bleed Mach number (Mj} can he directiv solved hy:
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where Ab and /\i are the area of the pase and bLieed opening respactively.

Using isentr. pic relations the hieed stagnation pressure p, and static
“1

v

temperature Tj can be calculated., Given the temperac ire and pressure the

density is computed and the boundary concitions for the next time step
are obtained.

MODEL GEOMETRY AND COMPUT~YIONAL GRID

The computational model of the My64 is shown in bFiquo 2. fhe feitu-es
of this projectile which have not been medel: { exactiy are the wepl voon
the tuze and the rotating band near the pase. The rotating band wa:
eliminated, The meplat was modeled as « hemisphere cap. The moudel nov.e
is a combination of ogive and conical se~tions. The cylindrical section
is slightly undercut, and the boattail length is 0.524 caliters with o 3°
angle. The general shape of the interna! bcie cavity is shown ¢35 a
dotted line on the boattail., The base birn motor is located internally
with the exhaust port centered on tho woc»l axis,

The solution technique requires the discretization of the entire 71 .w
region ~f interest into 2 suitable computational grid. The grid outer
bounde y has been placed at 1.5 body lengths upstream and surrounding :le
proicctile. The downstream boundary was nlaced at 2 body lengths. Sin-2
the calculaticns are in the subsonic/transonic regime, the computatiunal
beundaries must extend out beyond the intliuence of the body. This
ensures that the specified boundary conditions are satistied.

Figure 3 shows the grid generated over he projectile body including the
hase. It consists of 265 longitudinal points and 0 points in the normal
direction. This is broken down into two secltions: a body region, and 2
hbase region. The surface points fo: each recion are selected using an
interactive design program. Each grid section is then compute:d separate-
ly using a hyperbolic grid generation program,'% Figures 4a and 4b show
in expanded view for both the fiat and dome base conafigurations.  The
tlat base grid was routinely generated. However, due to the extreme
concavity, the grid for the dome base reauired an increase n the smooth-
ing values used by the hyperbolic urid cenvrator es well as the addition
of a grid cell averaging technique,

RESULTS

A caries of calcutations have been cun for both the flat base and the
getual domed MBH4 witiv and without tase bleed  The Mach nurber range
computed was (.7 M < 2.5 with a = 0%, Figures 5a and 5h show the
computed yelocity vectors in the wake region for the flat base and domed
hase, respectively.  The effect of the dome base is to generate a second,
Tow speed recirculation in the recessed cavity, This recirculation
bubble v« 1r the onpposite direction of rhe primary recircilation pattern,
This 1s sagnifrcantly different taar the reccyoulation pattern tound fo-
the tlat base anet other dome hase configuraticons

Computatiang have alsag been performed for the dome base witt tThe incia-
sion of hase nleed,  The mass injection paramoier, I]\ definod oo
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[, = m./p_u A; was useo to vary the mass flow rate. The computations to

date have been for cold and hot mass flow, with mass injection values of
up to 0.04, Using the propeliant mass and 3 burn time of 30, secoads the
estimated Ij,: 0.004. Although the actual mass t - rate varies over the

course of the trajectory, the present calculations were run to see the
effect on drag across a Mach number range. Figure & shows the computed
velocity vectors for the dome M864 with I = 0.01, The addition of base
hleed has increased both the size and strength of the secondary
rezirculation region.

Recent qround tests have been cumpleted ¥or the spinning M864 base burn
motor assembly. Pressure taps and a thermocoupie were contained within
the base cavity. The temperature varied as 2 function of spin and burn
time. A maximum temperature level of 1700°F was obtained. A second set
of computations were run to see the effects of hot inass addition. The
results shown in Figures 7a and 7b show particie traces in the viacintty
of the base reaion for the bleed gas temperature of 70°F and 1700°F
cases, resnectively., The red traces are particles which originate from
the bieed ejeciion hale. The other colers were released in various parts
of the flow field. The effect of temperature is rather dramatic in
c¢hanging the recirculation pattern within the base flow field., At the
lower temperature, the bleed gas is shown to be captured by the recircu-
tation region near the base., As the temperature is increased, all of the
bleed gas moves downstream. The higher temperature cives rise to an
increased velocity and thus an effective increase in the mass injection
parameter. The resultant effect of temperature on toval drag is shown in
Figure 8. The increased temperature shows a net reduction in drag acrcss
a range of mass injection rates.

Figure 9 1s a plot of the computed drag coefficient, CD , for the flat
0

base and dome base with and without base biewed. The computed drag
coefficient is the summation of the pressure, viscous and base drag
components., The results show a decrease in total drag for the dome base
configuration for all Mack numbers. When the base bleed is initiated a
further reduction in drag is evident,

Recent tests performed in the BRL Tiransonic Aerodynamics Range have pro-
vided some limited drag datal' for the M8€4. This experimental data is
aftsc shown in Figure 9, The experimental data is for the M364 without
hase burn using an inert burr motor., The computed results are in gener:i
agreement at the supersonic velocities, however, in tne transonic and
subsonic regions, the comparison is poor, The underprediction of the
drag in this region has been aoticed hefore end at present Tacks a full
explanation. Grid refinement studies, turbulence modeling and alternat=
solution techniques are currently irn progress,

CONCLUDING REMARKS

Humerical computations bave been performed for the Mi64 projectile at
supersonic and transonic speeds., The addition of barc bleed with o dome
base cavity hes alsu been computed, Additional resu’ts were also
ohtained for hot mass addition.

The computed dray coefficient. showed an overail decrease in drag belween
the flat and dome base contiguration, An additional decreas: i drag was
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found for cold mass flow addition at the base. Further recductions wore
found for hot mass additien. A comparison of the computed drag ar
T'mited experimental data, for a case with no base blead, indica. a
fair agreement at the supersonic speeds. As the Mach number approaches

M =1 and into the subsonic regime, tie comparison becomes poor. Grid
refinement work ard alternate golution techniques are currently being
eriployed in an attempt to provide more accurate solutions in the subsonic
and transonic area.
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FIGURE Sa. Velocity vectors in base region for flat base M864,
M=1.4, a = 0Q°

FIGUKE Sb.  Velocity vectors in hase reqgion for dome base MS64d,
M= 1.4, ¢ = 0°
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FIGURE 7a,

Particle traces in base region, a = 0°, M = 2,0, T = 70°F

FIGURE 7b, Particle traces in base region, a = 0°, M = 2.0, T = 1700°F
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A MODIFICATION OF THE MODIFIED POINT MASS
TRAJECTORY MODEL FOR BASE BLEED PROJECTILES

by

Drs M.M.A. Hasselaar
Royal Netherlands Arnmy
Directorate of Material

Material Test Department 1

1. INTRODUCTION

In the 1970s the RNLA expressed the aim to extend the
Artillery range tc 30 km. The most obvious way to achieve
this goal is to increase the muzzle velocity of the projecti-
les. Therefore a charge 9 and a new 155mm Howitzer were
necessary.

Another approach in the range extension project was found in
the field of exterior ballistics. In particular the aerodyna-
mic performance of the projectile in flight has been
improved. Therefore a new 155 mm projectile has been
developed in the late 1970s. This projectile, the HE nr 123
is a slender boosted shell with nubs and a base bleed grain.
For an illustration of this projectile see next page.

By means of a mass flow at the base of the projectile, the
base drag is reduced with as consequence a range increase of
about 20 %. A more detailed description of the base bleed
effect will be given below.

In the standard Nato MPM trajectory model? (for mcre details
see section 4) an aerodynamic pack is used in which the drag
functions depend on the Mach number M only. For base bleed
projectiles this does not hold any more; the MPM model nust
be modified to describe the reduction of (base) drag.
Therefore a base bleed burning model has to be included.

2. BASE BLEED EFFECT

The base drag as a component of the total drag arises from
vortices and turbulence in the air. These vortices produce a
lowering of the air pressure behind the projectile. The base
bleed effect can be described as follows. An introduction of
a mass flow at the base of the projectile leads to a local
rise of the air pressure and this results in a reduction of
the base drag. As mentioned above, this raduction is not
solely dependent on the Mach number. The mass flow of the
base bleed grain, for example, must also be treated as an
explanatory variable.




3. EFFECTS TG BE
MODELLED

The most important
effect we want to
model is the base
drag reduction above
mentioned. Of lesser
importance is the
mass reduction of the
projectile. A simple
theoretical parameter
analysis has shown
that effects like for
instance changes in
the center of gravity
can be neglected for
ballistic purponses=.

4. MPM MODEL

The classical Point
Mass (PM) model is a
2-dimensional

trajectory model (XY~
space) in which the

projectile is
treated as a point
mass. The forces

considered acting on
the projectile are
Drag and Gravitation
and Coriolis (only in
X and Y direction)
due to the rotation
of the earth. There
FIGURE 1. THE HE nr 123 are a number of .
factors the PM model
does not deal with.
The most important ones are the yaw angle of the projectile
and its spin. We may conclude that the PM model is not
capable of matching all flight data.
Therefore a modified 3-dimensional (XYZ-space) trajectory
model 1is developed: the Modified Point Mass (MPM) model?®.
Apart from the forces considered in the PM model, this model
considers for example Magnus force and Magnus moment due to
the spin of the projectile and Lift force caused by the yaw
angle. The result is a rather large aerodynamic package for
the MPM model containing several coefficients determined from
windtunnel data.




The equation of the projectile acceleration U in the MPM
model is given by:

U=D+1L+ Ma + G + Labda, (1)

where D, L, Ma, G and Labda represent respectively the
acceleration due to Drag, Lift, Magnus, Gravitation and
Coriolis.

The Drag-function D is given by
D = 9. (Cactlaa(Q.0e)?).v32 (2)

where do is a constant, aa is the yaw angle, v 1is the
projectile velocity, Cao 1s the total drag coefficient at
zero yaw and Caa{Q.28«)% is the yaw of repose drag term.

The trajectory equation must be solved numerically. Often the
predictor/corrector algorithm is usecd for this purpose?3.

5. MODEL DESCRIPTION
Consider the total drag coefficient Cdo:
Cao = Cuawn + Car + Caw (3)

We distinguish three different ccmponents; base drag,
frictional drag and wave drag. The burning of the base bleed
leads to a redection of the base drag coefficient only. We
define the base drag factor for a projectile with working
base bleed as equal to the base drag factor for a projectile
with inert base bleed minus a reduction factor, so

Car = (Cap)inert bb - 8Can (4)

The reduction factor 5Car is not only dependent on the Mach
number M; it is also dependent on the mass flow me of the
base bleed grain defined as the mass reduction per time unit.
A general form often used for the reduction factor?* is

8Can(M,Me) = Cawo(M)[ 1 - exp(-3(M). Me/Ma)l, (5)
where j(M) is an empirical function of the Mach number and ma
is the quantity of displaced air by the projectile per time

unit (air stream).

We have now reduced the problem to the modelling of the mass
flow mes since all other factors are known or can be fitted.

6. PRESENTATION COF THE BASE BLEED BURNING FORMULAS
At thig stage the base bleed burning model can be described

completely. We have chosen a model in which the base bleed
burning proces is to a large extend based on the geometry of




the grain. The burn direction is assumed to be perpendicular 1
to the exposed base bleed surface according to Piobert’s Law.

given the instantaneous burn distance sw»ne of the grain, it is

possible to calculate the burning base bleed grain surface

Ones and the remaining base bleed grain volume Voleyn.

This remaining base bleed grain volume is sufficient to model
the projectile mass reduction mr simply by

mr = {(Volvn)in - Volbb}-rg, (6)

where fg is the density of the grain and (Volwsn)in the
initial base bleed grain volume.

Of course the inscantaneous burn distance can be determined
by the burn velocity ver according to

(8po)neaw = (Spb)oia t Von.&t (7)

So we have reduced the problem to the modelling of the burn
velocity ven. Static tests have shown® that the burn velocity
can be given as a function of the pressure in the base bleed
unit pg*. The modelling of this pressure pg* is crucial. It
depends on the undisturbed air pressure p and the burning
surface Ownn. We assume the following relationship, based on
Vieille’s Law:

Pa” = bo(p/101325)®2 + b2.0bn (8)
Since we have found a relation between the total time of
burning of the grain and the spin of the projectile we define
an effective pressure pg that depends on the spin of the
projectile (S):

Po = Pa” + ba.§5, (9)

where bo,...,bs are parameters to be estimated.
The burn velocity is given by

where co and ¢, are known coefficients from static testss.

Finally, given these equations the mass flow is determined by
ﬁz = 'Pq-obb-Vbb (11)

To illustrate the application of the model: jiven the start
values of 8ww, Owvw» and Volenw., we are able to calculate vewn by
equation (9) and (10) and the mass flow me by (11). Finally
the base drag reduction is given by (5). The next calculation
step can be started by using (7).

Ve = Co.(pg/101325)“1, (10) I




7. PARAMETER ESTIMATION

After this description of the model, the next problem is to
find correct estimates for the parameters by, i=0,...,3. We
can obtain these estimates from static and in flight test
data on the total burning time of the base bleed grain. This
can be done numerically wusing (7)-(10). Right here the
problem ot underidentification occurs. That is, each time
four parameters have to be estimated from one measured
trajectory.

Next we have to estimate the empirical function j(M) in (5)
by comparing Ca data from projectiles with working base bleed
and Ca data from projectiles with inert base bleed. These
data will be available in the very near future when the
results of the rounds fired in the type classification
program of the HE nr 123 are available.

8. CONCLUDING REMARKS

The RNLA has developed a model in order to describe the base
bleed effect described 1in section 2. A base bleed burning
model is included in this model. It is based on physical
considerations. The total burning time of the base bleed
grain is not treated as an input variable but is calculated
by the model. On the other hand, the modelling of the base
reduction itself might seem arbitrary. We have based our
functional relationship on literature?* and make use of a
fitting function Jj(M). The parameter estimation has not yet
been completed. The complete model incorporated in the
original MPM-model describes the trajectory of the proiectile
accurately. Its first application will be the production of
the firing table of the HE nr 123.

LIST OF SYMBOLS

Qe yaw angle

b1 parameters to be estimated

C1 known coefficients

Cao total draqg coefficient at zero yaw
Caa(Q.aa)2 yaw of repose drag term

Cap base drag coefficient

Car frictional dragq coefficient

Caw wave drag coefficient

5Can base drag reducticn factor

D acceleration due to drag

G acceleration due to gravitation
J (M) empirical function

L acceleration due to lift

Lamda acceleration due to Coriolis

M mach number

Ma acceleration due to Magnus

Ma displaced air per time unit, airstream




Me mass reduction per time unit, massgflow
mr projectile mass reduction

Obw exposed bage bleed grain surface

Pe™ grain pressure

Pa effective grain pressure

Q vaw drag factor

[ density of the base bleed grain

S spin of the projectile

S burn distance

t current time

u = v-w projectile velocity w.r.t. earth-fixed
. coordinate system

u projectile acceleration

v prcjectile velocity w.r.t air

Vbpn burn velocity

Volon remaining base bleed grain volume
(Volbb)in initial base bleed grain volume

w wind speed
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A Model of the Axial Drag Ceoefficient for Base Bleed
Projectiles

Nils Bartelson *)
Sven Linde *+)

SUMMARY

The axial drag on a projectile is usually expressed in
terms of the axial drag coefficient C.. For a conventional
projectile C. is often regarded as a ~“functicon of the Mach
numbper cnly. For base bleed projectiles, in their bleed
phase, ballistic range data indicate that some factor
beside the Mach number has a significant influence on C_.
It is reasonable to expect that the ambient atmospheric
pressure is one such factor.

We attempt to relate, in an empirical way, the drag of a
base bleed projectile to the geometry of its trajecteory and
the state of the atmosphere. The relations are not derived
from physical principles - our approach is descriptive and
statistical. The purpose is to summarize observations ~f
flight performance in a way that permits us to predict a
trajectory from its initial conditions and from a picture
of the atmosphere.

We propose a functional relation between the Mach number,
the ambient atmospheric pressure and the drag ccefficient
(Section 2). Its parameters are dctermined by a regression
procedure based on time-~of-flight recordings from a Doppler
radar instrument. In Section 3 we apply the model to a set
of experimental data. It proves cajpable of reproducing C
estimates alonng trajectories of widely differing shapes. 'As
a slide effect some light is thrown upon the extinction of
the bleed charge (Section 4). It turns out to be a more
drawn-out process than is often assumed. We report on a

*  Furusundsgatan 12, S$-11537 Stockholm, Sweden
*+ Studsvik AB, Studvik Data, $-61182 Nykoping, Sweden




verification of the model in Section 5 and also touch upon
the problems of modelling the transition from active to
inert base bleed. In Section 6 we exemplify the use of the
model by studying how the shell temperature will influence
the burning of the base bleed charge. We conclude, in
Section 7, that the model may be used as a tocl for the
construction of fire control equipment and ballistic range
tables, and also point out some areas for further investi-
gation.

1. INTRODUCTION

Artillery ammunition has been in a state of rapid change in
Scandinavia for several years. New ideas have emerged and
enough funding has been received to result in significant
improvements in range and precision.

Ballistic measuring equipment has been developed by a
Danish company, OP0OS Electronics AS; new methods for
analvsing data }rive kbeen formulated by the Royal Swedish
Navy t.ogether with the National Defence Research Institute
and Studsvik AB.

This paper is concerned with long range ammunition. Far the
designer of a long range projectile the main task is to
keep the drag as low as possible, thus increasing the range
or decreasing the time of flight.

The axial drag on a projectile depends on the shape,
diameter and velocity of the projectile and on the physical
state of the ambient atmosphere. The shape dependency is
usually expressed in terms of a few dimensionless aero-
dynamic ccoefficients, in particular the axial drag coeffi-
cient C.. For a conventional projectile C_. is found toc
depend Rainly on the projectile shape and the ratio of the
prcjectile velocity v to the local sound veleocity in air,
a. The ratio v/a is referred to as the Mach number.

In the early stages of the development of what is ncw
called base bleed ammunition 1t was found that the simple
relationships which are good approximations for a conven-
tional projectile, were no longer valid. It was concluded
that experimental resources and manpower for modelling were
required to study this phencomenon. A reliable tool was
needed to predict traejectories for the design of fire
control equipment and for the calculacion of range tables.

The objective of this paper is to formulate the problem and
to propose & solution, given experimental data.
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The tools used are of two kinds, namely:

- Doppler radar records from the firing in Sweden of
slender-bodied 120 mm and 155 mm ammunition with
inert and active base bleed,

- computer programs written at Studsvik AB identi-
fying the drag function from recorded radar data,
atmespheric conditions, gun elevation, the mass of
the projectile and its loss of mass during time of
flight etc.

We attempt to relate, in a simple, empirical fashion, the
drag of a gun-fired base bleed projectile to the geometry
of its trajectory and the state of the atmosphere. The
relations are not derived from physical principles - our
appreoach is descriptive and statistical. Qur purpose is to
summarize observations of flight performance in a way that
permits us to predict a trajectory from its initial condi-
tions and from a picture of the atmosphere.

The proposed ballistic model is th" aerodynamic point mass
or modified point mass model extended to account for base
bleed effects. It should be possible to identify the
parameters from observatiocons at the proving ground using
ground-based instruments. The model should be accurate
encugh to serve as the basis for the design of range tables
and data to the fire control equipment for a specific
projectile design. We do nct aim to model the burning of
the base bleed charge or the dynamics of the injection of
mass into the base flow region.

The essential results of the study were published in a
Studsvik report [1}.
2. FORMULATION OF THE PROBLEM

The theoretical basis is the aerodynamic law and its
proportionality factor, called the drag coefficient.

The drag of a projectile is usually written

D = i A p CD \/2
where
A 1s a reference area
I the air density
CD the drag coefficient, i1n German literature
often denoted C
v the projectile "velocity
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In the aerodynamic point mass model the drag coefficient of
a conventiocnal projectile 1s usually regarded as a function
of the Mach number only. Expericince from the proving ground
indicates, however, that this simple model does not gene-
rally apply to base bleced projectiles in their bleed phase.
The C. cutves reproduced in Fig 1 testify to this. They are
egtimgte from tgo sets of trajectories in quadrant eleva-
tions 20~ and 507 . The average distance between the curves
is large compared to the standard deviations of the esti-
mated CD's, at most 0.001 for 1.3 < Mach < 1.9,

Some factor beside the Mach number has evidently ha” a
significant influence on the draqg coefficient. It is
reasonable to expect that the ambient atmospheric pressure
may be one such factor.

Thus we are led to consider a functional relation of the
form

~

Cp(M,p) = uim) + Ay EL

where

M 1is the Mach number

p 1is the lccal atmospheric pressure
P a reference pressure

ﬁ} are functions to be identified

The reference pressure is introduced to improve the nume-
rical properties of the estimation procedure. The main
reason for using the relative deviation from the reference
pressure as a predictor is to become independent of
pressure units. The form chosen is essentially a first
order Taylor expansion of CD in terms of p.

Next we have to describe the unknown functions u and » with
a reasonably small set of parameters. Since we have no
physical theory to indicate a suitable functional form, we
have chosen u(M) and X»(M) as cubic spline functions with
knots to be prescribed by the analyst. The knots will be
dencted

X. i=0..n for u(M),

z., 1=0.. for A(M}.
The end-point conditions for the splines are chosen to be
= " = .
o) u (xn) 0;

2Mz,) = 0.

u'(x

[

Hizg)

|-




Now let

bO = u(x

) b = Rz

0 n+l

o

= { =
bn u‘xn)' ol bn+Q,+l Mz

be the regression parameters. By the theory of spline
functions we construct a linear estimator

n+2+1
C..(M, = by a.(M,p)b.
D( p) iZo J( p) 4

The a.'s are functions of the local Mach number and atmos-
pherid¢ pressure.

At this point it is appropriate to remark that our use of
spline functions to express u(M) and A(M) is one of several
alternatives. We could as well have chosen a piecewise
linear function or a Lagrange interpolator of higher order.
The advantage of the spline functions is their inherent
smoothness.

In practice the same {(time, space) data will be used to
estimate both M and C_.. So M is a stochastic variable with
a certain dispersion, ‘and p is of course not known exactly.
Moreover, M and C_. are not independent. The deviatiors of M
and p preopagate tg the carriers a.. However, we expect M,
which is essentially a first derivative of space data, to
be less contaminated with noise than C_, which is essen-
tially a second derivative. Also, small errors in p will
not influence the carriers too much. Thus it seems reason-
able to choose the common least squares criterion to find
the regression parameters b., i.e. to minimize the sum of
squared deviations of the observed CD's from the estimated
ones.

3. APPLICATION TO EXPERIMENTAL DATA

Our first approach is to apply the assumned model on tests
conducted at Torhamn and in the isle of Oland, Sweden, in
October 1984. 36 rounds of a 155 mm projectile were fired,
11 of which were inert to provide Baseling drag data. The
Juadrant elevations ranged from 18~ to 707 . Occasionally
data will be taken from a second set of experiments con-
ducted with a 120 mm projectile at the Torhamn experimental
range in April 1985.

The projectiles were tracked by a Doppler radar system.
Recordings of (time, space) values were processed by a drag




analyser program providing tables of M, p and C. for 35-65
time of flight points dispersed along each trajgctory.

A fow rounds have been omitted from the data set. Observed
C. values for one such projectile are shown in Figure 2.
Fgr illustrative purpose, although prematurely, curves of
estimated C.'s for inert and active base bleed are dis-
played in the graph. It is seen that the ignition of the
base bleed charge was delayed and that the bleed «ffect was
reduced during the first five seconds. The range to point
of impact was 18.0 kms for this round compared to an
average range of 18.5 kms for similar projectiles fired in
the same =levation. No omission from the experimental data
has been accepted unless a suspected malfunctioning of the
bleed charge was confirmed by a deviation in range.

The regression analysis for inert projectiles is based on
data from 11 trajectories comprising 321 observations. The
C. estimatonr was a spline function with 12 knots in the
rdnge 0.7 < M < 2.3. The result is summarized in Table 1.

Table 1

Estimated CD function for inert projectile

M CD s dev

L7090 1619 .0059

.850 1689 .0023

.900 L1713 .0030

.950 .1946 .0031

.000 .2910 .0013

.050 .3068 .0009

.100 .3026 .0006

1.200 .2937 . 0005

1.46G0 .2764 .0004

1.700 .2528 .0005

2.000 .2338 .0006

2.300 .2145 L0025

The standard error of'estimate is 0.0036.

The regression analysis for active base bleed is founded on
flight performance data from 22 trajectories for which
(M,p,C.) triplets have been calculated at 771 time of
flight “points. Three trajectories were set aside for later
verification of the parameter estimation. For u(M)} a spline
function with 6 knots was used, for A(M) a spline function
with 3 knots.

“




The first question to be asked is whether the model is

appropriate,

and, in particular,
pressure term improves the fit.

if the addition of a
Tts significance can be

assessed by an analysis of variance (Table 2), in which we
test the hypothesis

HO: A= 0.

Table 2

C. regression

D

Analysis of variance

Source Sum of Degrees of Mean Meap square
squares freedom square ratio

Regression

mear 21.76161 1

u(M) 0.00415 0.00083 64

(M) 0.00923 0.00308 239
Residual 0.00982 762 0.000013
Total 21.78481 771

The last column is the ratio of the mean square to the

residual mean sgquare.

The mean square due to regression ¢~ A should be compared

to the residual mean square,
gquite large.

formal aspect too much,

Anyhow,

hypothesis

and its size is found to be

If the hypothesis is true and under some
additional assumptions on the normality of the observa-
tions, the test variable for the component A, i.e. the mean
square ratio, will have an F distribution with (3,762)
degrees of freedom. The probability of a value > 239 is
small, indeed. However, we do not wiszh to stress this

since little is known about the
distribution of the original data.

this exploratory data analysis indicates that the

H,: A» = 0 should be rejected and that the
pressure term is significant.

The estimates of the regression parameters are shown in

Table 3.




Table 3.
C. components, active bhase bleed

D
3 dev s dev

i M u(M) of u(M) MM of A(M)
1.1 0.1745 0.0027 0.0096 0.0038
1.3 0.1797 0.0006 0.0151~* 0.0015
1.5 0.1707 0.0003 0.0192 0.0009
1.7 0.1663 0.0003 0.0209* 0.0010
1.9 0.1650 0.0004 0.0207* 0.0020
2.2

0.1612 0.0022 0.0)84 6.00586

<%

The values marked by asterisk are interpolations, not
actual regression parameters.

The standard error of estimate is 0.0038, close to the
value obtained for projectiles with inert base bleed. This
may be regarded as another indication that the model is
appropriate.

The C u and A functions are shown in Figure 3.

DI
Standard deviations of the parameter estimates are low, as
a rule. They do not, however, tell the whole story. A
glance at the correlation matrix reveals that the para-
meters defining u(M)} are loogely coupled, as are those
defining A(M). But correlation between the two parameter
classes may be considerable, indicating that the problem is
not so well conditioned as one might wish.

The degree of ill-cond‘tioning depends on the experimental
design. To some extent ill-conditioning is inherent in the
vhysical situation on the proving ground. All projectiles
set out at a high Mach number M, close to the muzzle, and a
high atmospheric pressure p, at ground .ievel. As they
proceed to altitudes where p is lower, the Mach number will
also decrease, breoadly following a common pattern often
tempered only by differences in elevation. Information from
other regions of the (M,p)-plane, e.g. combinations of
large M and low p values, 1s missing.

A somewhat better design is achieved by reducing the muzzle
velocity for some rounds. The pattern of observations from
such ar experiment is illustrated in fig 4.

The effects of ill-conditioning may be puzzling to the
beginning analyst. The values of u(M) and X{M) may be
rather sensitive to perturbations in the observed data and,




nct lecast, to contamination from extinct base bleed.
Nevertheless the fit is quite good, as a rule. Therefore
the method outlined here is not reliable to determine, say,
6CL/6p but is quite useful to predict C_. for those p and M
values which occur in ballistic applicagions.

Three trajectories were excluded from the set used for
regression analysis; thus they may be regarded as new and
independent experimentg. Thgse projgctiles were fired in
quadrant elevations 207, 357 and 507. We will compare the
C.'s obtained from these trajectories with the predictions
o? the model. As a by-product this provides an opportunity
to study the extinction of the base bleed charge.

In Figures 5-7 are shown, as functions of fime,

~ the predicted C,. for inert base bleed,

D

- the predicted C., for active bhase bleed,

D

- the observed CD values,
- a confidence band within which the observed CD's
are expected to fall with 95% probability. (1)

It is seen that up to a certain point in time the observed
C.'s fall well within the confidence band. This is true for
a?l the three trajectories, which span a wide range of
elevations. So the new experiments verify the model and
confirm the significance of the pressure term.

(1) The width of the band must not be interpreted as a
measure of the uncertainty of the estimated C_.'s.
The confidence interval for the outcome of a new
experiment is in this case much wider than that
for the "true C.", at the same confidence level.
This is just an instance of the familiar rule that
the outcome of any one experiment is more variable
than the mean outcome of, say, ten experiments.



4. THE EXTINCTION OF THE BASE BLEED

The point where tnhe observed C)'s depart from the predicted
valucs coincides with a rough 5 priori estimate of the
burning time of the base bleed charge. The graphs show,
however, that the extinction process is slow and continues
for 6-7 scconds. During this time interval the actual C
values will climb gradually from the low active base blged
curve to the higher curve for the inert projectile. We deem
it necessary to take the gradual change-over into account
in trajectory calculation programs. However, no such
program is available to us, and the best we can do is to
define an extinction peoint somewhere in the middle of the
extinction interval and use a trajectory program that
assumes the active C. curve to be applicable up to the
extinction point, afger which a sudden rise to the inert
curve will take place.

5. VERIFICATION OF CALCULATED RANGES

Using such a C, model we can calculate trajectories and
find for instaRce the points of impact. Two gquestions
arise:

- How sensitive is the calculated point of impact to
a perturbation of the assumed extinction point?

- How does the calculated range compare with the
observed one?

Since range cbservations for the previously treated tra-
jectories are not available, we have to intrcduce another
projectile design including also a new type of base bleed
charge. The material as a whole comprises data from more
than 20 rounds.

Figure 8 shows the change-over from active to inert base
bleedofor a 120 mm projectile,fired in a quadrant elevation
of 307,

The bleed is seen to be more sustained ani the rise of the
C, curve steeper than in the previocus cas2s. Nevertheless
tHe extinction process 1s extended over 5-6 seconds.The
data for the trajectory shown in the graph was not used for
the regression analysis; the round can thus be regarded as
an independent experiment.

From the graph the midpoint of the extinction interval can
ke roughly estimated at 29 seconds. In crder to study the
sensitivity of the calculated range to thiz estimate we
have performed trajectory calculations with the extinction
point set to 27, 29 and 31 seconds.




The ranges obtained are shown in table 4.

Table 4
Rangc sensitivity to Postulated extinction time
Extinction ) N a4
time, s Calculated range, m
27 25437
29 25580
31 25740

The mean observed range for five rounds was 25539 m. It is
evident, that the positioning of the assumed extinction
point has an influence on the calculated ranges which is
far from negligible. The fact that it also depends on the
trajectory geometry further complicates the task of tra-
ijectory prediction.

6. INFLUENCE OF BASE BLEED CHARGE TEMPERATURE

The influence of the bleed charge temperature on the C
function has been studied for 155 mm ammunition. Typicgl
results are shown in figures 9 and 10.

Figure 9 illustrates the CD fugction for a projectile fired
with the bleed charge at =40 “C. It is seen that the C
values lie on the upper edge of the 95% confidence bandj
the low temperature seems to retagd the burning. Figure 190
shows the opposite effect. At 60 “C the bleed charge burns
rapidly and the actual C,. turns out to be low. The burning
is not sustained, howevet.

Since this point is outside the scope of this paper, we
summarize our conclusions:

- the influence of the charge temperature depends on
the composition of the base bleed charge,

- in the studied cases the influence is far from
negligible,

- if the actual bleed charge temperature may differ
widely from the rnormal temperature, the influence
must be given as corrections in the fire control
and the range table.




7. CONCLUSTONS

The experiments and analyses reported in this document
indicate strongly that for slender bodied basce bleed
ammunition the drag coefticient C. cannot be represented as
a function of the Mach number onl¥. It has been demonstra-
tel that an expression which 1s essentially a first order
Ta r' expansion in the ambient pressure, provides a means
of predicting tne C. value in a trajectory peoint where the
Mach number and the atmospheric pressure are knhown.

For ballistic applications a few consequences are obvious.

- For trajectory calculations for range tables, in
the fire contreol etc, *he influence of atmospheric
pressure on C_. in the bleed phase must be taken
into account.

- The transition from bleed phase to inert phase nay

be of considerable length; some kind of inter-
mediate Ch function is required.

- Means are needed to find, for a particular tra-
jectory, the beginning and the end of the transi-
tion pericod.

- If the bleed charge is to be used at widely
differing temperatures, the influence of this
temperature on range, time of flight etc must be
recorded in range tables and programmed into fire
control equipment.
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EFFECT 0o F ¢ R AIN CHARACTERIJISTIOCS
N R ANGE 0 F ARTILLERY PROJVECTILESTS

Wi TH BASE BLFED

Slobodan Jaramaz, Milojko Injac
Military Technical Institute, Belgrade Yugoslavia

Abstract In this paper the basic points of mathematical model |
for determining range of artillery projectiles with base bleed
are presented. After verification of given model by comparison
computational results with experimental data, calculations ef-
fects of some characteristics of base bleed on range have been

carried out. The range dependance of given progjectile on number
of gra‘n segments, burning rate, internal diameter and grain
length are determined. Presented model can be used for selecting

characteristics of grain that will give the maximum range of pro-—
jectile and for decreasing number of experimental testing for
determining that characteristics.

Nomenclature

a - burning law constant

Ap ~ gurface of projectile base

Ag - area of burning surface

Al - guyrface of base blead orifice

Aref - reference projectile surface

B - constant given by equation (195)

b — ctoefficient in burning law

Co ~ total drag coefficient

Cppp — projectile base drag coefficient during burning of
grain

ACp — dacreasing of projectile hase drag

Cpo -~ projectile total drag coefficient without working of
base bleed

Cum - constant in equation (10)

Cxk ~ quantity given by equation (10)

D - drag

di ~ diameter of base bleed orifice

dy ~ internal diameter of grain

e - burnt web of grain at time t

8o -~ total web of grain

e, -~ burnt web in the first phase of burning

€9 - burnt web in the second phase of burning

I - impuls defined by equation (&)

Iym — limited value of impuls

J - experimental constant

k —~ specific heat ratio of burning products

1 ~ arc coresponding to the angle

lz ~ grain length
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@H - mass flux of the air at the base of pirojectile
Mg ~ mass flux of burning products from burning surface
M - molecular weight of burning products
Mo ~ Mach flight number
n ~ exponent in burning law
N ~ number of grain segments
0 ~ burning surface circumference
Pq -~ pressure in base bleed
Py ~ base pressure
R ~ externai grain radius
T ~ burning vate
T, - internal grain radivus
R, — grain radius at the crossing of burning from the first
into the second phase
Ry - gas constant of burning products
- time
ty - vorkig time of base bleed
tz ~ i1gnition delay
Tg — burnina products temperature
Voo - progectile velocity
X4 - half distance between grain segments
y - geometric parameter defined on figure 3
Y, ~ geometric parameter defined on figure 4
d - angle at time t defined on figure 2
3 - half ange of projectile afterbody
$o ~ grain density
£ oo - air density

1. Indroduction

Increasing of range of artillery projectiles by base bleed
unit is the subject of many theoretical and experimental investi-
gations in past few years [1,2,3,4,5, 6,7, etc). Projectiles with
base bleed increase their range as a consequence of decreasing
their base drag. Base bleed unit blow burning products of grain
into recirculation zone behind the projectile and increase pres-
sure in it Effect of increasing projectile range is in so much as
expressive as the fraction of base drag in total drag is bigger,
that is, as the projectile is of better aerodinamical shape

Selecting of geometrical and physico-chemical chavacteristics
of grain of base bleed 1is +the basic problem which should be

solved during the design of such projectiles. For that purpose
in this paper the mathematical model which enable selecting of
these characteristics is developed. Special attention is dedi-

cated to the aeffect of some grain characteristics (shape, dimen-
sions, burning rate etc.) on the expected range.

2. _Mathematiral model

The mathematical model, developed in this paper is based on
the engineering point of view on selecting of grain characteris-
tics In continvation of this paper, the basic points of mathe-
matical model conected with the general consideraticns about
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problem., determining of pressure in base bleed unit. changing of
burning surface as & function of burnt web and procedure for

range calculation are given

3.__Gerneral cunsiderations about prohlem

For the projectile trajectory calculation diferential equa-
tions of projectile motion according the modified puint mass tra-
Jectory model avre used (21, As a consequence of existing base

bleed unit, in the equation of motion projectile dray given by
2

D =0y ﬁi\él’_” A pel 1)

relation is changad. During the workin time of base bleed wunit
(tg), drag coefficient is changed for ACpy t. e.

2)

A CD = CDB&'CDBa ¢

On that way the total drag coefficient during the time tg is
given by relation

Cp=Coo- 0Cp (3)

In gemeral case base drag coefficient for the projectile with
base bleed is function of several parameters:

Coass'={(’v‘aolr, Ta, AL, /3, M . )

I From the equations (2), (3) and (4) it is obvious that for

(4)

determining value of Cpit is necessary to know values for Cppy .
Coapand Cppp . Assuming that values for Cpg and Cosoare known
from theoretical calculations, windtunel or firing testings, the

relation for ACDis (71
I 5
ACD'=CDBO('\‘€ ) Cx (53
Impuls I is given by equation:
m
T = —2 (6)
mMp,
Here mass fluxes dg and ﬁe are
(7)
(8)

mg =1 Ay g

r'n BT Yeo AB' Scua

In the expression (7) burning rate v 15 a function given by:

4]
re=arbp, (9)

In relation (5) j is function of Mach number, toe ] =
fMoo ) and its value 1s determined from firing testings while for
first approximaton data for §j can be taken from {73 and

From experimental results it could be seen that when 1mpuls 1
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is bigger that some limited value. effect of base bleed is decre-
as5ing. Dased on that fact in expression (%) exists parameter
Ck which can be defined as [7]

CV\ = 10 I % I LM
2 (10)
1_7M— ) CLlM l )I.L_IM
Lonstants I,y and C ) should be defined for every projectile
Fer instance, for progjectile 155 mm ERFB/BB these values are:
I,m= 0.007 and Cuym = 0.25 [7].
From equations (2) through (10) it is obvious that decreasing
of base drag aCp, in general case, is complex fuuction and for
given projectile it can be expressed by relation [JI;

ACp={ (I, p5,Mw) (1)

For defining ACpit is useful to consider theoretical calcula-
tions instead of using only time consuming and expensive experi-—
mental testings. We’ll first consider the way for determining
impuls:, t. e, the pressure pg in base bleed chamber.

Frescure in base bleed chamber

Pressure in base bleed chamber is defined using the equality
of mass flux of burning products through the orifice and mass
flux of gas formed due to the grain burning. Mass flux of gas
due to the grain burning is given by expression (7)

Mass flux of burning products thrugh the base bleed orifice
is a function of ratio of pressure on projectile base durig the
flight and pressure in base bleed chamber. For the case when the
following inequality is satisfied

x’—% (4
t4y> (77 ) »

flow of gas from the chamber is subsonic. Then the mass flux of
burning products 1s given by equation

(= fAL (M)\/“" Ty [1- (b’)mj (13)

When the inequality is not satisfied flow of gas from the .chamber
is supersonic and mass flux is defined by expression

- _ B Py Al
M Ves Ty (14)

In the expression cons%ant B 15 defined as:

bV (25)% (15

It should be emphasized that occuring of supersonic flow 1in
the orfice is undesirable phenomenon for increasing the range.
The supersoninc flow make impossible recirculation of burning pro-—
ducts behind progjectile and increasing of proujectile base pres-
sure, This is the fact which should be given special care during
the selection of arain characteristics.
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Equalizing mass fluxes m,and mi we get the equation for the
pressure in the base bleed chamber which is solved iterativly

Change of grein burning surface as a function of burn® web

Existing base bleed grains have a cilindrical shape with cer-

tian numbevr of segments. External and end gvrain suifaces are in-—-
hibited sc that burning is perfermed on internal surfaces and
slotsg. Wiew of one grain with three segments is presented on
figure 1.

nonthibited

surfaces inhibited

surfaces

Figure 1. View of base bleed grain

Number of grain segments can be different and change of Lurnt
surface as a function of burning web will be given for the case
of grain with three segments. Given relations are valid also for
grain with N segments but in the next relations value for angle
60 should be replaced with value of 3&40//2N) and number of indi-
vidual elementvs of Lurning surface is alsa function of N

Cross section of grain with three seqments is given on figure
2.

In general case grain burning is performing 1n two ophases.
“ach phase has its own shape of grain cross section. At the be-—
ginning of the first phase grain cross section iz coemposed from
three equal segments with contours ABCD. Circumference of cross
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section of bpurning surface for one segment at some moment of
first phase is composed from two straight lines &~ 'B° and C’'D’ and
arc B'C’. At the end of the first phase arc B'C’ and angle o (t)

disappear. At the begining of the seccnd phase circumference of
cross section of burning surface is composed from two straight
lines GE and EF. At the some moment of the second phase cir-

cumference of cross section of burning surface is composed from
two straight lines G'E’ and E‘F’.

Burnt web thickness KA(e) at the some moment at the first
phase should be equal to the thickness AG(Figure 3). Then it

follows:
- . v [o¢
Xpre = (rreYsin (60 ET-) (16)
Fraom equation (i&) it follows that the burnt web thickness in
the first phase is:
ro sun (60°- %}-)'M (17)
1 -sin (60°- 54 )

The first phase end occur when X = 0. The total burnt web
thickness in the first phase is:
o 51N 60°- 1y

(18)

Rrlxre]

oo -y

Figure 3 First phase cf burning

We should calculate the circumference of segment cross sec-

tion at one moment of the first phase. The height ME at the tri-
angle LMN is the mean geometrical value of LE = R + (x,+ e) and
EM = R - (x; +e) o
[ a2 2 1
fooy T Gare) (19)
. ¥ Xgt €
From the triangle AOB it follows that sin(60- 5 ) = ey e
Then ; = 6O°warcs1nA%i*t . Seside that oT e
ot e
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AL = (rore)cos (60° =)

Y= ME -~ AE =\/R_?-(rorejl(ﬁin“(eo"-%) —(ro+e)cos(6o",3’) (24)

N

The arc length AJ is

;é_yl.\( + :
¢ oo X (6 €

Now, the circumterence of grain cross section in the first
phase is given by expression:

0p (t)= 6y 30 ( 23)

(22)

The area of grain burning surface af length 1z is:
~ ] 24
%\31' - UI “’) ﬁl ( )

From the figure 4 it can be seen that the totai thickness of
burnt webh in the second phase is:

62-:('R—R4) nn 60° (25)

L

R+ [Rysincols €4 (¢)] R-[Ri 060" €2 (1) |

Figure 4. Second phase of burning

In the last equation R 1is radius on which arc disappear from
the cross section profile and this radius is equal

K4 =I5+ €4 (26 )

Here e, 1s given by expression (18).
By the prucedure similar that which 1is applied for burning in
the fivst phase we get:

4, (t) - h-7 - \/}\‘ [Q,;mBO”r Cy (f'\\ - [\erm 60° 1 €5 (1) Lf), b0 K (27)
/ (28)

Op (£) =6 5y (1)
rng

[

qu (* ) = OTJ “\ 'ol

It should be emphasized that the second phase of grain burn-
ing of this geometry nieed not crcur depending on dimensions and
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number of «eaments Then the contour of grain segment cross sec-
tion {for rne whole time of burning 1s composed of straight lines

and the zre¢

determining range

Procedure forv

Fov getermining decreasing of projectile base drag coeffi-
cient during the grain burning it is necessary to know several
different gquantities First, we should know quantities which are
dependant on projectile design characteristics and characteris-
tics of grain L e. aerodynamic coefficient as a function of Mach
number, 1} = £{M.). and values of I, 4 Cq» a b and n These
quantities we qget from experimental testings in wind tunel and
clossed wvessel, firing testings and theoretical calculations.
For trajectory calculations it is also necessary to know values
for I For calculations pg it is necessary to equalize equation
(7) with equations (13) or (14) depending on condition (12).
Because oaof nonlinearity of these equations calculation is per-
formed iterativly with checking condition (12).

The caiculation procedure is given on figure 3.

Enter Voleo
gramn characterist.

etc
Ditferential Atmos
M A I N Equations
PROGRAM | | of [ Burning
A Jsurface Ag
Motion ero _
l =—| aCo "] pressures
j N " '*1 pd,p
Exit

range, time etc

\

Figure % Shematic vepresentation of the calculation procedure

Becavse the calculation procedure 1s 1terative, the end of
burning 15 veached when the web given by the next expression 15
burnt
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-
The time of grain burni v~ also calculated from the expression
(30
The iterative pruce-ure can be presented on the following
way
3) assume p \'p94 =pqd + A )
b) calculation T = a+ g p;
t) calculation e = dr/dt
d) calculatien Ag = f{e) .
e) impuls calculation I = mg / m o
f) calcuvlation of decrease of base drap ACp = £(I)
g) base pressure calculation pg = p (1 - kMi(cDeO - ACp )1
h) ratio calculation pd 7/ Pai
J) calculation py. by equations (13) nr (14)
If ipg; —p f t% £ the iterative procedure is finished.
If this condiiion is not satisfied we repeat stepe from (h) to
(471, After the calculation of burnt web we perform the calcula-

tion of next step until we don‘t satisfy the equation (30).

3. Effect of grain characteristic on_range

For determining the effect of grain characteristics on range
of artillery prejectiles with base bleed program, based on the
mathematical model which basis is previously given, is subjected
to the wveritication by comparing its results with experimental
data for ane real projectile. The basic data for projectile and
grain are:

Projesctile

Caliber 15% mm
Mass 46. 04 kg
Length H61 mm
Muzzle velocity 897. 4 m/s
Elevation 50

Grain

Number of segments 3

Mass 1.045 kg
Length G 0717 m
cxternal diameter 0. 117 m
Internal diameter 0 08435% m

The difference between realized and calculated projectile
maximum Tange 1s O 09 % which shows that this way ¢f caiculation
nf the range of projectile with base bleed 1s ernough reliable and
convinient fov determining the effect of grain characteristics on
rangs.

We’ll consider the effect of next grain cha acteristivs

number of segments
- burning rate
- internal diemeter
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- length

Beside that we’l) cousider and effect of the diameter of base
pleed orifice and delay of grain ignition For alj these consi-
derations shape of arain will be cilindrical with slots, external
ana end grain surfaces wiil be inhibited and external Jdiameter

will retained conmstant.

Nu.ber of segments. Number of segments was changed from & to
12 The dependance of range on number of segments is presented
on figure 6. From the figure it can be seen that maximum ranges

are realized with grains which are composed from & o 3 segments
For given grain dimensions pcth burning phases occur when number
of cegments is greater than O. Increasing range with grain

X (ke

///////’_““\\

\

/ \

1 L }- 4 oy

+ i

+

3 4 5 6 7 8 9 10 11 12 N

Figure 6. Range dependance on number of segments

1J 4

consisting of & segments compearina with cnmmnn grain number of
segments (3) is 750 m ovr about 2% Effect of the others grain
characteristics on range is defined for grains with 3 and & deg-

ments.

Burnin: rate. Burning —ate rveflects effect of the grain
chemical cumposition on range. For the grain with c¢cmmon compo-
sition coanstants in the burning law have following values: a =

0. G007 m/s, b = 2. 12 10 m/(sPa), n = 0 && The eéfect of hLurn
ing rate on the range is defined by changing value of a which ve-
flects the effect cf exotermic reactions which take place beneath

burning sur face at low pressures. The dependance of calculated
range on the burning rate for grains with 3 and & szgments is
given on the figuye 7. From the figure it can be seen that

charige a for about 190% increase the range for the grain with 3
nagments For 1370 m (3. 5%Z), and for the grain with 6 segments for
435 m (1 14). At givenrn conditions the dependance of the Tange on




X (km) )

405 N- 6

40 -

N=3
395 /
39 /

BT T 8§ 10 aliome)

Figure 7. Range dependance on burning rate

a for the grain with 3 segments has ever increasing character and
for the grain with & segments this dependance has maximum.

Internal diameter. The dependance of rane

internal diameter is presented on the figure 8.
with
i

X (km)

an the grain
For the grain

405 I

\\,
-u_\\ N: 3
J \\.\~«-\.\\
395 ——
39 . S— S I
30 35 40 45 50 £5 du(mm)
Figure B8 Range dependance on grain internal diamater
3 segments the change of grain internal diameter #rom o 03045 +tgo

0.05655 m (85.7%4) gives decreasing of range for about 490 u
(1.2%) and for grasn with & segments the some change of internal

PAGE 11
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diameter gives decreasing of range for about 105 m (2 &%)

Length. The deperndance of range on grain length for grains
with 3 and 6 seaments is given on the figure 9. The change of
grain ‘ .

X(km) e
~
~
41 )
e
=3
401
¥
391
w5l
-
50 60 0 80 90 L,{mm
Figure g. Range depenJ;nce on grain length Z( )
X{km)§
4~
1'0.5 \\\‘\‘\\“‘-——‘ N:t-)
40 A
I 1
39.5 -
!
39 1 R T
30 35 40 45  di{mm)

Figure 10 Range dependance on diameter of base bleed ovfice

length from 0.0502 to 0.0932 m (85 7%) gives increasing cf range
for grain with 2 segments for about 3400 m (8. &%) For the giain
with &6 segments the some change of grain length gives increasing
of range {aor 3400 m (8 47
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Diameter of base bleed orifice  Effect of the base bleed or-
1fice on range 15 given on the figuve 10 With increasing the
diameter of base bleed ovifice the projectile range is decreas-
1ng. Sn for the grain with 3 segments the change of diameter of

base bleed orifice from 0.0435 on 0 03115 m (28 5%) gives incre-
asing of range for about 200 m (0 5%), and for the grain with &
segments the some change of diameter gives increasing of rvange
for about 180 m (0. 45%)

Delay of gqrain iaenition. The range dependance on delay of
grain ignition is presented on figure 11. For grains with 3 and
[
X{km)
40 4+ \

38.54

3 8 + + \' e
1 2 3 tz(s)

Figure 11 Range dependance on grain delay

& segments ignition delay of 3 s gives the decreasing of range
for 1600 m and 2200 m, t.e 4 and 5 5% respectively. These re-—
sults show the significance of successful working of base bleed

ignitor.
4. Conclusions
On the basis of previo sly said it can be concluded
1. The developed method for range calculation of artillery

projectiles with base bleed enables determing the effect
of basic grain characteristics en range
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P iy given method it is possible to perform selection of
i Logy gralin charvacteristicys and decrease the number of
exserimantal testings for their determing.

i the hasis of considered effects it is puinted on the
rangyz tn which the caracteristics should be kept.

Lu
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DISCUSSION FOR TWO IMPORTANT PARAMETERS OF
A BASE BLEE PROJECTILE

PROF. XIFU GUO
Dept. Engineering Thermal Physles & Aeredynamics.

East China Inst. of Techrology NANJING., CHINA.

ABSTRACT

The buming rate of a propellant and the igniticn time of an igniter are two important parameiers
of base bleod projectile. They are greatly concerned with the extended range and the dispersion
of the projciile. So far there is no refercnee related in determining the two parameters theorctically.
In scientific practice, however the two important problems have been urgently needed to be
solved,

Firstly, the paper presents the significance of selecting the »urning rate of a propellant, the
relationship of the physical essence of reduced drag of the bas. bleed between bleed parameters.
The onc - sidednces of analyzing the effect of recuced drag with the burning reic as a mark
has been analyzed, and te analyze throuhgly the efi ot of reduced drag of the base
bleed, the concept of the impulse of reduced drag rate is presented. The pronciple selecting
the burning rate is to achive the maximum rate of extended rate on condition that the launch
paramcters of the projectile are {ixed aad influnce of the spinning effect of the
projectile is considered, or, thc burning rate when the maximum impulse of reduced
drag rate is gained is defined as the optiraum.

Sccondly, two principles of determining the iguition time of the igniter are given; the time
of the igniter is no lss than the time of secoad ignition time of propellant; the range dispersion
caused by dispersion of sccond ignition time Joes not affect the overall range dispersion of
shots. Bascd on these mentioned above, formwlation of determining the ignition time of igniter
have been devioped.

Finally, cxamples are given on how to dcte 'minc those two parametcrs. This paper provides
theoretical basis for the optimum design in tiwe development of base bleed projectile, these
formulations have been used to analyze and design, and show satisfactory result.

1. DETERMINATION OF BURNING RATE OF PROPELLE! )" OF BASE BLEED PROJECTILE.

1.1 Presentation of Question

In the coursc of designing a base bleed projectile, we often reference the buming ratc obtained
to sclect and design the buming rate of this projectile. This method takes the absolute magnitude
of the buming ratc as a basis, but docs not consider the specific structure and launch condition
of the basc bleed projectile, thercfore it is not all- round. Bascd on the base flow character
of the base bleed projectile and the reducing drsg mechanism, this paper describes the selection
principle and specific mcthed of burning rat: of a base biced projectile.

1.2 Significance of Sclecting Burning Rate

The burning rate cquation of the base bleed propellant is
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fe=a P (1)
where r¢ —-buming rate; a,, a;— buming cquation cocefficicnts; ay——exponent of burning

equalion; Pmoc-—pressure inside the base bleed motor.

The gas of the basc bleed propellant cxhausts Into the base “dcad - air” region with
very low velocity, so that tte base bleed pressure could be raised and the base drag could
be decreased. We measurc operation of cjecting gas for raising base pressure with mass flow
m, it is

m=rp A, (2)
where p ¢ ——density of base bleed propellant;  Ar—— buming arca of the base bleed propellant,
as shown in Fig.i, after the gas cjects into dead a . region, the flow state in the
trailing flow region could be changed, so that the dividing streamline of the dead air region
could be externded, flow dcflection angle could be dimirir ved, then the base pressure could
be raised and the base drag could be decreased. However, the overall effect on raising the
base pressure by the base bleed is related to the staie of trailing flow region without base
bleed. When the structure of the projectile is specified, the state of trailing flow region is
rchted to the statc of boundary layer of afterbudy and the Mach number of incoming flow. The
larger the Mach number of incoming flow, the larger the deflection angle of dividing streamline,
the lower the base pressure. Thercfore, the base cjecting gas could change the state of flow
in trailing flow rcgion, extend the dividing streamline and decrease the dcflection angle
it the mass flow would be incrcased, As slatsd above, the effect of base biced on increasing
basc pressure and decreasing base drag depends on not only the mass flow m of the bleed
but also the state of flow in trailing flow region without bleed, in other words, it depends
on Mw, V. p.. Wc measure the overall influcnce of the two factors with the bleed paramcter
I. Tt is defined as:

.::__—Aﬁl;n___—_ 3
o V_A (3)
where Aw—--base area of the projectile,  p o ——donsity of incoming flow; va -——
velocity of incoming flow.
Relationship between T and Py is shown in Yig.2
It is known from above analysis that the cffcct of bleed is expressed by m. It is
rciated to not only re but also pr and A But overall effect of bleed on raising the base
pressurc depends on the bleed paramcter I. Therefore, we could get the following conclusions:
1. Only if the structure and launch paramecters of projectile, as well as the character
of bleed propellant are the same, it is signifizant to consider the cffect of burning rate on
cxtended range and compare with cach other,
2. For projectiles with different structure  ( including base bleed unit ) , bleed propellant and
launch conditions, it is not appropriatc .0 comparc burning rate, For example, there
are two base bleed units, the burning ra'c of one unit is 1.2 mm /s, the burnihg arca is
100 mun®, the buming arca of other wmit s 200 mm? If their other conditions are the same
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FIGURE. 2 Base pressure vs blced paramecter

and they both keep the same m and I, then the voduced «rag cffect of the second projectile

would be the same as that of the first one, but ity burning rate is only 0.6mm /s.

So, it is not all- mund to simply compare the buming rate and not to consider other conditions,
even it is possible to make mistakes in design.

3. It is reasornable to compare the bleed effect withtthe value of I in any case,

1.3 Sclection Principle of Burning Rate

The sclection principk of buming rate should be, in the condition of certain launch parameters,
the overall cffect of base bleed along the overail trazjectory Is to obwain the maximum extended
range rate, Launch paramecters mainly include the Ianitial velocity, and angle of
departure. These tvo parameters influecnce the velocity, Mach number, air density and pressure
along the trajectory, that is, Ve, Mawp. and p.. At up leg, with time increasing,
Ve, Mw and p. would decrease. Since M. Is changeable along overall irajectory, so that
the drag coefficient Is changeable along overall tyajestory. M. would influence the
effect of reducing drag. .

At up lcg, in the process of the projectilc fling towards the apex of trajectory, air pressure
decreases. Since the base bleed is subsonic floew, change -f ambient pressure influences the
change of the motor pressure. When the former desr:ases, the latter also decreases.
So, the burning rate is reduced.

We know that

At up kg, pe, Vo decrease gradually, If the change of burning arca of the blced propellant
is not large that is, the change of m is not large, then in the process of projectile
flight, the valuc of T would continuously increases, the valuc of py/p. would be reduced,
so that the basc drag would be increased. In the process of projectile flight, if we change
the buming arca, so that, and in pw, Ve, As would be changed, but we make the value
of T always be ( ps/ Pe ) max, in other words, I=1., then, we can gain the cffcct maximum
extended range. The burning arca formula which satisfics this condition is.

me———— = | == cons!
p @ vooA b "
pc(: vm (4)
A = o . —;—vaAb
{ f

Since p -/ pr and v /1y all decrcase, InAs is cons.unt, A; decreases gradually, That
is why we design the burning area of the base bleed propellant which reduces along
the trajectory, At the trajectory, if the value of T has some change, in order to get larger
extended range effect, we must keep 1 is adjacent to Ia.
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FIGURE 3 Basc drag vs flight Mach number

For the bleed propellant with certain weight, the burniog rate is related to the burming time
of base bleed unit. The higher the burning rate, the shorter the burning time. The
lower the burming rate, the longer the burning time, The combined influence of base bleed
on the extended range rate is concerned with two parameters, they are the reduced
drag rate and burning time, as shown in Fig.3, the burning ratc influences the base drag
and buming time. Its combined influence on extended range rate is not certain to be large. In
order to express this influence, we use the concept of impulse of reduced drag rate. It

is defined as.

R, —R,
N Bt W3 5
S a -“f 3 dt (5)

) n

where R, - projectile drag without bleed; Ky - projectile siag with bleed;  ty- buming time,

Substitute drag cxpression to Eq (5), we got

Snxijlhladt (6)
0
where
I = (j_[i'_,-- CD' (7)
R C
D

Cp - drag cocfficient without bleed,  Cp, - dra,; wxfficient with bleed. In approximate calculation,

we sct
(8)

SRI = IRCl’lb

V' 1

.>.1 o 9)
RCP
or we take integrated average value

ty
[*1,a
: (10)

rer T
Ly
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In comparison with schemes, if Sy reaches maximum, then, this scheme is the
optimum one obtaining the maximum . exterdded range ceffect. In the stage of scheme demonstration
and initial desipn, the influence of the sipn ctfect must be considered in selecting the burning
rate, The mflucnce of spin on burning rate is related to the structure of base bleed
unit and spin velocity. For general spin stabilized projectile, the spin velocity may increase
the buming rate abour thirty pereent. In a word, the principle of sclecting buming rate could
be expressed as the following. uvnder the condition of specific projectile launch
paranicters,  considering the influcnce of spin effect, we acquire the buming rate corresponding
to the maximum cxtended range rote. Mathematically, it can be expressed; we gain
the burning ratc which corresponds to the maximum impulse of reduced drag rate Sk

1.4 Mecthod of Determination of Burning Rate

Mecthod of determination of buming rate may be completad Ly using elecivic computer program,
In order to understand the calculation procedure clearly, we explain it step by step.

l. Dectermine the launch parameters of projecitle. (1) Initial velocity; (2} Augle
of departrure: (3) Structure of projectile;  (4) Yught of projectile.

2. Determine the structure of base bleed untl initially, (1) Structure size of base bleed
unit;  (2) Propcliant weight;  (3) Propellant structure and buming mode;  (4) Propellant
density.

3. Calculate ballistic elements and meteorolegical elements of base bleed projectile by
given paramecters.

4. Calculate m from point to point along trajectory.

Calculate T from point to point along trajectory.

Calculate py/ p-~1 curve,

Calculate curve of hase drag cocfficient +s M or t.

Calculaie curve of overall drag cocfficient vs M or t,

9. Calculate Sgj.

10. Calculate the overall range.

11. Compare schemes and determine burning rate.

Example.

Suppose. projectile length 900 mm, beattail length )0 mm, projeciile diameter 155
mm, base diamcter 145 mm, projectilc mass 43.5 kg, initial velocity 827 m /s.
Sructure of b -~ blecd propellant; two segments, radial burning, outside diameter of
the base blecd unit 120 mm, inside diametcr 45 mm. 8. using procedure mentioned above,
obtain the optimum burning rate correspoding the maximum range, which is between
1.8 mm /s and 2.0 mm /s.

0~ O\ n

2. DETERMINATION OF IGNITION TIME OF IGNITER OF BASE BLEED PROJECTILE

2.1 Presentation of Question

The propellant of base bleed projecitle s ipnited by the gas with high temperature and high
pressure in bore of a gun. When projectile leaving the muzzle, pressure rapidly drops from
hundreds of atmospheres to one atmosphere, the burning propellant blown out is
possible. In order to cnsure the propellant ignition, we install igniter inside the base
bleed unit. It can ignitc the propellant once again outside the gun tube to make the propellant
burn normal, This is so - called sccondary igraion. Based .« exterior ballistics and dispersion
thcory of shot, this paper discusses burning time . ¢ igniter as well as theory and
method which are used to determine the dispersion scope of the sccondary ignition time of

propellant.

2.2 Principie of Dptermination of Buruing Time of the Igniter




TABLE |

Ex(m) 80 100 150
ti(s) 0.35 0.4. 0.57
Ety ($) 0.05 0.063 0.0%4

The principle of determination of the burning time of igniter is;

1. assure that the propeilant can be ignited reliably; 2. decrease the influence of sccondary
igntiion time dispersion of the propellant on overall range dispersion as small as
possible. In view of the ignition burning process of the propellant of base bleed
projectile, the buming time of igniter must be not smaller than the secondary ignition time
of the propcllant, otherwise, the propellant can not be ignited once again. That is not assure
that the propellant can be ignited reliably, Suppose the maximum secondary ignition
time of the propcllant is ts,, .. the minimum burning time op the igniter is timin, to assrue
that the propellant is ignited reliably, there niust be

tlm‘m Z Lbhu (] l)
Because of the propellant composition, the pressure inside the base blecd unit, performance
of igniter, environment conditions and dispersion of initial velocity, the secondary
ignition range has certain dispersion. In order io decrease tie influence of secondary ignition
range dispersion on overal! range dispersion, the igniter should assure that the
secondary ignition range dispersion fo the oropellant basicuily does not influence the overall
range dispersion. Suppose the secondary ignition rang: is x», average velocity in scope
of xy is vep, the sccondary ignition time is t.,, then

=V
Xb cplb:

Ax, =Av_t +At v
cp b

b, 2 P

Suppose the probable error of average welcity dispersion is Evep, the probable crror of secondary
ignition time dispersion is Eu,, the probable error of secondary igniiion range
dispersion is Ex, then

) .2 2
Exb = \/([blEvcp) + (vcpEwZ)

Form calculation, wc know

2

2.
(VC()E'.hZ) ¥ ([bz Evr.p)

Therefore. when considering the sccondary ignition range Gipersion, we only need to consider
the secondary lignidon time dispersion., That is

FLm v, by (12)

xb 2

2.3 Mcthod of Determination of Ignition Time of Igniter.

Now, basct en we above - mentioned principles, we deternuine the ignition time of iguiticr,
1. Determination of maximum burning time of igriter

Suppose the average value of the sccondary ignition time of the propellant is tue,, probable
error of the sccondary ignition time dispeision is Ew, So, the maximum ignitiom time of
igniter t; 13




FIGURE 4. Photograph with a burning igniter and inert propellant and photograph
with a buming igniter and a buarnig propeliant

b= e {-SElbz (13)
where
Zlb i
= 14
bp = (14)

n - number of round; tu:i- sccondary ignition time of the i-th round, i=1, 2,---, n.
2. Determination of sccondary igiition time dispersion of propellant
The probable error of the ov:rall range dispersion of shot is Egx. It can be cxpressed
as follows

2 i 2 l‘;l
E}; - Ex + ~ b
Where Ex- the range probable errer of gun, Eus- the range probable ¢rror caused by the
secondary ignition range dispersion of propellant. Since the range of base bleed
projectile is related to the drag coefficient Gy, that is

X = (C,) (i6)

When the secondary ignition time is differert, the drag cocificient is also different. That
is

¢, = i) (17)

The relationahip between the probable error Eq of the sccondary ignition time of propeliant
and the range probuable error B, s
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FIGURE 5. C,~x curve
Point b is the sccondary ignition location of ihe propellarn:.

2X 3CD .
Exll; QCD atb ty 7 (18)
X aC
where o the sensitivity factor of range on the drag coefficient; — the sensitivity
g D b .
o factor of drag coefficient on the secondary ignition time. Suppose E.uv=0.1E., it is ensured '
b that E«e does not influence Eg. Substitute it into the formula, we have ;

_ Oy (19)

1 X 3CD_
aC,

b

The formula (19) can be uscd to calculate the secondary ignition time dispersion.
After determination of tactical and technical targets, overall scheme of gun system is

2 aC .
X ——B  are all known. Thus, we can detcrmine Ep by

also determined. Ex, - .
aCD at,

the formula (19).

aC

2.4 Calculation of X and L. !

‘;Cn n,

1. Calculation of ‘335‘_

D

a, Mcthod based on ballistic cquations

Using the motion cquations of the projectile, and taking Co to change onc unit, we

a3
can calculate 2
aC D e

b. Mcthod bascd on correction cocefficient




The expression of ballistic ccefficient ¢ is
I3
id 3
¢ =—10
G

T

we can get

X X d210]

pemnlien =TT 20}
a0, 2C C G
2X . - - - _— .
where e the correction cocfficient of range or ballistic cocfficient; d - projectile diamcter;
G - projectile weight; Cpa~ drag cocfficient under the condition of standard projectile.
aC |
2. Calculation of —E
at,
we know
C,=f,M), M={(,)
So,
2Cy _Cp M @n
at, M at, i
By using the above formula, we have two mc'hods to ci.:ulate r"
- 2
aC "
D

a. Direct calculation of S

b
Eased on the acrodynainics of projectilc or expeniment, we ciain get Cp -M curve. By using
ballistic cquations we can calculate M~ty at tralectory, thus we can get Cp~tp curve. From

JCD
this curve we obtain po
aC_° aC =~
b. Calculation of 2 M b

, recalculation of —2
aM at at,
. - . b aC
By using ballistic equations we calculate M~ and—a—t—
aC
recalculate 2,

1
b

2.5 Examples

Suppose diamcter of a base bleed projectile d= 155mm its .cight G= 45Kg, initiai velncity
ve= 950m /¢, departure angle 0 ,=45° , flight up leg time (,= 465, when range
prepable crror E.= 80m, 100m, 150m find the maximum bumi g time t; of igniter and probably
ciror of its dispersion. E,.. Using above - mention:!) methods we get ti and Lo as
shown in oble 1.

2.6 Determination of Sccondary Ignition Range of Piopellant by Laxperiment

1. Mcthed using smcar camora

At the side of depanare line, among we distanee of 50~ 60 m, begin with [0 my frem the
mussde, we locate anear auneras at [Oomointerval, By comparison of photographs one with
a burtang igniter and an inert propedlant and the other with @ burning igniter and a burning
propetlant, we can determine whether the secomdary dignition of the propellant would
occur, as shown o Figd, @ ois the photograph only with buming igaiter, b is the photograph




with buth buining igniter ana burning propeilant,

2. Mcthod woing Doppler radar

Usc a Doppler radar to measure velocity of the base bleed projectile among the range about
30 500m away from the muzzie, dmaw the Cp~x curve, to the curve, determine the secondary
. nition distance of th propellant as shown in Fig.s.
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A TWO-PrIASE BASE BLEFD BASE COMBUSTTON MODEL AND 'S CALCULATION

Nan-yan Wang
Fast. China Institute of Technology
Nanjing, P.R.C.

L. INTRODUCTION

The total drag for supersonic projectiles consists of shock wave drag,
viscous dirag and base drag. The base drag is a major condributor to the
total dray and can be as much as 50-70% of the total drag. Thus, it is
cspecilally important to minimize this part of the drag. Base bleed is an
effective means of reducing the base drag. 'The structure of the flow in
base region is changed by a small cuantity of low speed gas irdected in to
the dead-area.

The best review about hase bleed is given by Murthy et al [1]. Bowman

and Clayden have reported their experimental studies on supersonic flow

over cylindrical afterbodies with gas injection in Ref.[2]. Recently Sahu
hos developed a new numerical method to compute the base region flow using
Azirnuthal-Invariant thin-layer N.S. eqguatinons, in which an iterative bourdary
condition procedure nas been developed (0 determine the hileed exit boundary
conditicns. In Sahu's paper [3], the effects of solid phase fuel particle

in the exit jet, fuel enthaipy of combustion and gas molecular weight: have
not been considered but those factors have shown their very important
positions in base bleed function. Recently. Schilling has presented a simple
theoretical approach for base bleed calculations in which boat-tail and
burning equation of fuel are considered. but solid phase mass rTatio, fuel
enthalpy of combustion have not been considered.

The present paper describes a new model of base bleed wi_h base combustion
in which ex:t area ratio, flight Mach numb:r, chamber stagnation tewperature,
jet gas molecular weight, solid mass ratio of exit two-phase mixture gJas,
enthalpy of combustion etc. have been considered. The predicted results
show general agreement with the available experimertal curves.

2. BASE BLEED GAS DYNAMIC MODEL

For a common projectile without base bleed function, the flow stream pattern




aear the base seotion can be inply sketohoed our at Figol-a. The dead o
1y separated by the sooarat ion streamline from Che outsicd potential flow.
One has plonty of reason to think that there s an interior separat ion
stroamnline separat ing the deod arca Lram the bage .njection flow o che case
of the projectile with o base oleed function.  Soe Fig. 1-b. At the end of
the dead arca, there is secotiop area A, which is not cqual to zero, so that
dead arca becrmes a hollo. head-cut cone.  The schlieren photographs from
Ret. 127 may sapport the statement above, see Fig,2.

The secondary burning phenomenon are observed in the tests very often.
Solid-phase fucl in particle form mixed with gas-pliase is burning along

the et path.  One can consider that dynamic cequilibrium has been reachoed
at sectien A,, whore P,=Pa , and the burning of solid-pyase fucl has been
completed already. )

Taking a control volume between sechion Ay and soectios A, wee Iig. 3
Governing eduations as follows. Continuity equat ton

. R 1.
m‘=pmlulAl—~mz»-pzu2A2 (1)

Momentum equation

r L . e i
P (A, —A)+PA, —27:,[: rep (r)dr-+ .2njor- t(x)dx ~ P, A, =m,u, —m,u, (2)

Energy eguation

H -H =&+ AH — Heat lost to surrounding (3)
02 01

where solid-phase mass ratio

s=p /P, {4)

p,=pr tp, (5)
Th» following equation can be easily transferedfrom Eqg.(1)
(L K Ly :
s (1 )]
Ple . /—hm;on . 2 "2 2 2/

P A R T Kk —1 .
a2 270z . 4 ml 2 2
Ml[km\ 1+—m~——2 “Ml)j

it is obvious that the gas-solid phase tlow at section A, should be 1n a
cqulibrium state, so that the following expressions can be quoted from
Ref. (7}.

(6)

R, =(—-2aR, (7)
whiere

R = R/ u (8)
and

{9)

-
pe

A



The vicous term in Fa.(2) s much smaller thon anocher pressure torm, So
itocan be amittoed for siimplitication purposc.  Furthermore, the separation
streamline can be considered as straight Line for the time being. As there
axist plenty of reliable methods to ostimate prossure distribation in
acrodynamics, such as shock oxpansion method, “haracteristic method et al.,
P P(X) in Fa.o(2) can bho assured of being solved.  Among them, thoe
following equation may be the simpliest one (8].

P, 0002
(000!6 - By

P
Kp

it can boe rewritten as

1
p A ; Y
5+ = L £Kk(0.001 +0.0008M )l (573(. —~-;\~’-\ 1 (10)
[ b

whore A, =A, /A A =A /A | The length of dead area L=L/2r, . Mirus
or plus sign chosen in Eq.(10) is dependent on whether A, less than A,
or not. For more gzneral case, define

S ave = T 2 (11)
=T
where
P I(L, A, AL M) (12)
can be obtained by accurate methods which are available wherever in
acrodmamics. Then, Eq. (2) becames
,(A\lp}i']ﬁ kﬁl., N
< J— [ —— I e - 12
?o =1 1) + = s +kM y M (12)
b 2 1
where pl ::Puv:/pl
Considering the specific heat of gas-solid mixture [7]
(), = (1-e) (G G (14)

and omitting the radiation lwat ioss to the surrovnding from the control
volume, Eq.(3) can bte rewritten as

o
” _AH

— Y4 g2 T il o

T, [(l €+ b(c.,),,] wy HE (( )g {15)

The autnors of most availlcble papers on base bleed like to use injection
parancter [ o= 'Ji/ 2 U AL 8¢ does the author of the present paper. After
simple derivation, one can obtain




whore R and kK oare 0.287 kJ/kgK and 1.404 respectively tor air.

3. SOLUTION OF 'THE  FQUATIONS AND ADDITIONAL ASSUMETTONS

Thers oxist many semi-ompirical expressions for estimating the base pressure
without base bleed, one of thom is from U.S Army BRL in 1981 :

- - 2 -
:” - [1 S0.09M’ (1 ¢ )J . l_n . yf—’-—(r--- A2 )J (17)

The cylinder length L_. , boattail shape and flighting Mach numnber are
considered in this expression.

For this case without base bleed, then A, = 0. If the contour of the dead
area and Mach number are given, taking iteration to Eqgs (12), (13) and (17),
one can obtain the effective length of the dead area Lc . For the case
with base bleed, one can assume the contour of dead area will change only
in diameter, but not in the effective length.

According to ¥a.(15), one can obtain the stagnation temrerature of jet flow
at section A, .

Since most of the base bleed structures so far contain a subsonic or soric
nozzle, the pressure at exit section P1 is equal to the base pressure Py .
As the exit Mach number M; is given, the parameters Az, 5.and P, can be
solved by iteration method basued on Egs.(6), (12) and (13). For the purpose
of comparison with experimental curves, inijectior, flow rate ratio I is
calculated by Eq.{1i6).

The whole calculating process has been completed. by Program BLEED.

4. EXAMPLE

A projectile with 5 calibre cylinder without boatta.l. (C, ), =1.0 kJ/kg K,
Cp= 0.7 kI/kg K, surrounding temperature Ta = 200K.

Following parameters have been considered as independent. parameters in the
calculation examples: flight Mach number M. . jet gas molecular weight # ,
total temperature in the champer T, , solid-phase mass ratio ¢ , fuel
enthatpy of combustion A H, and base bleed exit area ratio A» . The results
and the comparisons with experiments are shown as following in sequence.

4.1 The Effectsof Exit Area Ratio

Tak.ng € = U, it means that pure gas or no secondary burning is considered.
So that, Ty = Ty

Ay = 16, 8 and 4 have been accounted for in this example, the length of

de vl area L are obtained 10.296, 7.272 and 5.14 respectively. The results
are shown on I'ig 4. The pure gas is H, whose molecular weight is 4, and
totul tempecature Ty is taken 300K. The results or the wind tunnel test
with  a center nozzle by Read and Hastings [2] are shown on Fig.5.
Although they <did not give the molecular weight and temperature, one can
roalize that the t: 2oretical nodel works well indeed.
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As the value of I is less than 0.003, the effect of the exit areca on base
pressure is negligible, which agrees with the conolusion from Ref. (97,
(see Fig.6).

The similar curves can be found from Ref. [1] (see Fig. 62) and Ret.[4]
(see Fig.4).

4.2 The Bffects of Jet Gas Mulecular Weight

Two gases with molecular weight 4 ard 28 respectively have been taken in
the examples. Taking &, = 9, pure gas (¢ = 0), Ty, = Tg= 300K. The
affective length of the dead area, 1, = 7.73, is obtained. The nuerical
results are shown in Fig.7, from which one can see that the lighter jet
gas molecular weight will bring a better effect of drag reducing under the
condition of flow rate I is not too large. Many experiment results have
been found to support this conclusion. The experiment curves from Ref. [2]
are shown in Fig.8 and 9.

4.3 The Effect of Flight Mach Number

Two cases have been calculated. One case is that there is solid fuel
porticle unburned at the base bleed exit section, as well as the secondary
burning phenomenon exists. The other case is under the condition that all
the fuel is burnt out at the exit section.

Taking Xh = 16, Ty = 3000K, T, = 300K, soiid mass ratio ¢ = 0.5, fuel
enthalpy of combustion AH = 2000kJ/kg, jet gas molecular weight # = 30.

Flight Mach number 1.1, 1.5, 2.0, 2.5 and 3.0 are considered in calculat-
ing. Bleed  Jjet Mach number is changed smoothly between zero and 1.0. The
higher the flight Mech number, the larger the absolute value of (2P, /2D)
th~t one can find from Fig. 10-a. So that the better effectiveness of drag
reducing can be accomplished with higher Mach number that has been pointed
out by wind tunnel tests.

For the other case, A, = 16, Ty = Ty = 3000K, jet gas molecular weight
¥ =4, Four Mach nunbers, 1.5, 2.0, 2.5 and 3.0 are calculated, tr-=
effective length of dead area are cobtained with 11.3, 10.3, 9.8 ana 9.4,
respectively. Results are shown in Fig. 10-bh.

Fig. 11 shows the wind tunnel test resuits, based on Ref. [9], in which
Mach number was taken between 0.96 and 2.525.

Alternative test results one can find from Ref.[2] are quoted in Fig.12.
Both Fig.1l0 of calculating and Fig.12 of experiments show the same tendency.

4.4 The Effect of Stagnation temperature in Burning Chamber

Taking pure gas with g = 4 and A, = 7, flight Mach number M = 2, T, = 200K.
The stagnation temperatures are 306K, 1000K and :000K are ~onsidered
respectively. Fig.1l32 shows the calculating results in which one can find
the higher stagration temperature in chamber will bring the more effective
base bleed function that has been -onfirmed by plenty of experiments.

The pure Helium gas test results with temperature cof 290K and 3000K are
given in Fig.l4-a. As neither M- number nor surrounding temperature T,




1s reported in Ref.[2], the comparison with Fig.o 3 is limited qual itatively,
yeto it is generally satistactory. Five ditterent temperatures of floliun
gas were taken in the test off which the resulls are shown in Fig. 14-b

4.5 The Effocts of Solid Phase Fucel Dart icle Mass Ratio and the Fuel
Fnthalpy of Combust ion A1

Taking the first study about the offect of fuel particle mass ratio. In
the calculating, taking A, = 16, Ma = 2.0, chamber stagnation temperature
2000K, et gas molecular weight u' - 30, adiabatic exponent. k, = 1.3, fucl
enthalpy of combustion AH = 3000kJ/kg.

Two cases of s0lid phasc mass ratio & = 0.5 and 0.8 are considered. The
results are given in Fig.l5, from which one can find that the increasing
of the base pressure will be more obvious for the jarger mass ratio case.
Cne can also find that the base pressure may be higher than surrounding
atrmosphere pressure in the case of certain large value or I value.

The next calculation is for the case of alternative fuel enthalpy of
combustion, taking stagriation temperature To = 1000K, and solid phase mass
ratic €= 0.5, and the rest underlying data same as before. Four cases of
enthalpy of combustion 1000, 2000,3000 and 4000kJ/kg are considered in the
calculating. {(see Fig.l6) The case with higher fuel enthalpy of coambustion
will be followed by better base bleed effectiveness,

Fig.17 is quoted from Ref.[1l0], whose author has done sore tests at No.2

wind tunnel at ECIT. It is obvious that the present theory works well indeed.

5. CONCLUSIONS

A. A practical base bleed combustion model has been given. In the present
model the following factors have been considered: base bleed exit area,
flight Mach nunber, stagnation temperature in chamber, solid mass ratio in
jet, fuel enthalpy of comdustion and jet gas molecular weigth etc.

B. In the case of small jet mass flow rate, the effect of exit area on base
pressure is negligibie. In the case of certain mass flow rate, the larger
exit area will be followed by better base bleed effectiveness.

C. The lower jet gas molecular weight of a base bleed instructure will be
accompanied by a higher base bleed effectivecness.

D. The acceptance of base bleed instructure is encouraged at higher flight
Mach number, in which condition the larger absolute value of (9§b/al)l_0

is obtained.

E. When the stagnation temperature in the chamber is rising, the high-
performance base bleed will be reached.

. Either high value of solid particle mass ratio & , or high value of fuel
enthalopy of combustion will promote the base bleed function.

LIST of SYMBOLS

A Section area
Cp Fuel specific heat




(Cp)r Gows specilic heat
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Heat enthalpy (kd/kg)

Fuel enthalpy of combust ton (kd/ke)

Mass | low rate parametoer

Eaquivatent adiabat ic exponent. of gas-solid equilibrium mixture
Gas adiabat e exponent.

Langth of cylinder; Length of dead arvea

Mach number

Mass flow rate

pressure

Eaquivalent gas constant of gas-solid equilibrium mixture
Gas constant of et gas at section A,

Radial coordinate

Flow velocity

Solid mass ratio

Fuel density in gas-solid mixture
Gas density in gas-solid mixture
Gas -solid mixture density

Gas molecular weight

Semi-angle of conic dead area

Subscripts

1 Pxit section

2 End section of dead area

a Atmosphere

ave Average value, see Eq.(1ll)}

b Base section

eff Effective

g Gas phase

m Mixture

s Side surface of dead area

¢ stagnation condition

e I'ree stream
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BASE BURN PROJECTILE FRENCH TRAJECTORY MODEL
D.CHARGELEGUE and M. T.COULOUMY

Direction des Armements Terrestres

Etablissem~nt Technique de Bourges

ABSTRACT

The basic trajectory model is the standardized Modified Point Mass
trajectory model where, in the first phase, the base drag reduction and
the gas generator mass flow rate are calculated. The burning rate is
expressed as a function of the upstream atmospheric pressure and
operating generator temperature. The base drag reduction coefficient is
expressed as a function of Mach number and characteristic mass flow rate.
Following several campains, the coherence of the model with firings has
been verified.

1. INTRODUCTION

Most of the studies on base-burn conducted in France concern special
areas such as aerodynamics, constitution and combustion of propellant or
interference between combustion and fiow in the vicinity of the projectile
base. These studies are very interesting in the aim of suchi projectiles
design and development. Our purpose is different, we have to establish
firing tables for the users. So we need a trajectory model which includc
base-burn particularities. This model sould be also used by the army in
artiilery calculators and consequently it must not be too sophisticated.

Heilgren [1] first established such a range calculation program, but it
calculates motor pressure and it needs many input data, some of which
like base drag coefficient are very difficult to know.

We think that a model more simple can be used. The basic model is a
modified point mass trajectory model [2] whici is generally used in the
preparation of firing tables. This basic model is completed by specific
termis which m.odelise base-burn main aspects : drag reduction and mass
flow rate.

Drag reduction and mass flow rate can be written in the following general
expression :

Rpp = 1/2 pSV?2 Cxpp (M, 1, P, 6, ...) (1)




dm/dt = vee (M, 1, P. Op- .. Pp 3¢ (meRr) (2)

The time, fer which the burnt propeilant mass which is calculated by the
equation (2) is equal to the initial mass of propellan{, is an output data.
This time can be compared to the measured burning time and is also the
separation between the two phases 'of the trajectory. The terms (1) and
{2) take part into movement equation system only in the first phase,
durirg which the drag reduction occurs.

rem the general formulation, the problem is to ideatify parameters
which affect drag reduction coefficient Cxgp and combustion rate V¢ and
finally to determine the functions of these parameters. These functions
must be accurate enough to provide calculated trajectories and burning
time suitable to measured trajectories and burning time whatever the
firing conditions (wind, muzzle velocity, elevation, cannon altitude, etc...)
are.

To this end, specific tests and corresponding suitable means of
measur=inent have been set, and are described in §2. Chapters 3 and 4
explain the way of interpreting the results and getting the modelisation of
the mass flow rate (chapter 3) and the drag (chapter 4). Finally we have
summed up the main ch.racteristic. «f the mode! fcr base-burn
projectiles in §5 before concluding.

2. TESTS
2.1 Tests Planning

To identify 1he parameters affecting the drag reduction and burning time,
the principle of these tests is the following : for two identical values of a
single parameter, the other parameters which can affect affect the drag
coefficient or combustion rate are different.

Two French base-burn piojectiles have been tested: the first one in June
19€5 and the second one in September 1987. The test planning was the
came for the two campains but the second one took advantage of niany
mmeans of nmeasurement and especially a trajectory radar.

According to the principle above stated, the test planning is defined as :

25 rounds with propellant block at 21°C
5 charges x 5 elevations
25 rounds without propellant block
5 charges x 5 e¢levations
24 rounds with propellant block at diiterent temperatures
4 temperatures : -31°C, -5°C, 36°C, 51°C,
for each one, 3 charges x 2 elevations.
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2.2 Means of Measurement

The measures made during firing tests provide all the data used as inputs
and as parameters which allow to develop and adjust the model.

Before each firing, the following measurements are made:

- inertial characteristics of each projectile : mass, position of the
centre of gravity, moments of inertia

- for each round : elevation and azimut angles, time of firing,
projectile temperature .

It is also very important to know as accurately as possible all the
meteorological parameters (air pressure, temperature, humidity, and
wind velocity and direction versus altitude). One sounding per hour is
required, then wind data are computed by a model of statistic
interpolation versus timie and distances. So this statistical model can
provide sounding as {rajectory model input data for each round.

During its flight, the projectile is fully tracked by a trajectory radar, and in
addition to that, is tracked by Doppler radar during the beginning of the
tirajectory (untill roughly 26 s of flight).

Each round is also equiped by a radio-electronic fuze to deliver burning
time. Some projectiles carry yaw sondes.The muzzle velocity is measured
by two independeiit means of measurement.

3. MASS FLOW RATE AND BURNING TIME MODELISATION
3.1 Calculation of Mass Flow Rate
The so called "bumning time" calculated by the model is the very moment

for which the last propellant gramm has been burnt. So it is linked to the
mass flow rate which can be expressed by :

dm/dt = VC (M, I, P, ep, ...) pp SC (lnCB)

where V¢ is combustion: velocity

Pp is propellant density
S¢ is the area of combustion as a function of mass of burnt
propellant , mcp :

Sc =aj+b.mcp for mcp:< meB < mMeB i+1
At any given time, the mass of burnt propellant is :
mcp (t) = mg - m(t)
where mg s the mass of the round when fired
ml{t) is the mass of the round at time t
and we know that at initial time i.e. t = 0, m(0) = mg - mcepo

where mcpg is the ournt propellant mass in the barrel and depends on
the charge.




Note that pp and the function S¢ (mcep) s provided by the propellaat
constructor.

3.2 Measurcments

First before the campain, some tests have been conducted on propeliant
in pyrotechnical laboratory. Particularly we are interested in combustion
rate obtained on the stand-burner under several pressures and
temperatures. Of course it is not reaily representative of the combustionr
during round flight, but these tests allow to determine the combustion
rate of reference (Vcg) for the lot of the tested propellant biccks . This
also give some idea about the behaviour of combustion rate with pressure
and temperature.

During round flight, the burning time is directly measured by using
special fuze.In fact, each projectile with propellant bivck is equiped with
a radio-electronic fuze which emit a signal. As long as the combustion
goes on, this signal is perturbated, which permits to obtain the burning
time with an accuracy estimated at about 0,1s (see tigure 1)

Figure 1 : 155 DTC Measured burning time

.....
LA

e i 0y

End of coimbustion

3.3 Identification of Parameters Affecting Burning Time

We have found good correlation of combustion rate with upstream
pressure and also propellant temperature, as shown by the following
results obtained through the two firing campains.

Correlation with pressure. The rounds with propellant block at 21°C
have been exploited with the model where mass flow rate is calculated as :

dm/dt = - KM, I, P, 6p, ..JVco pp Sc imcp)

Vco | Pp . Sc were defined before and K is an adaptation parameter.

For each round, K is adjusted to match the measured burning time. Of
course the model prints at every step the following data : Mach nu=n:her

M. characteristic mass flow rate I { I = (din/dt}/pSV ), air pressure P; it

:




also caleulates the average pressure Pnoy . the ::u-'f*,raigc Mach number
Mooy, and the average characteristic mass flow rate may over the whole
base burn phase,

S0 we can draw K as a function of Mimoy. FPmoy. OF Iny.

We have only founrd currelation with upstregn pressure s shown on
figures 2-1 and 2-2 using a lincar scale and Ggures 3-1 and 3-2 using a
logarithumic scalc.

Fig. 2-1 185 RTC Combustion rate versus pressure
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Fig. 3-1 185 RTC Combustion rat: versus pressure
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The best correlation has veen obtained with a law on the form :

K=A.r®

Simulations are done with for mass flow race exprescion :

dm/dt = - A.P% Vee Pp Sc (ingyd

Figure 4-1 represen.s the corresponding computed burning time and
fizure 4-2 represents the difference between computed and measured
puriiing time. The corresponding difference in combustion rate (in %)
and the consequences on the range (in meters) are respectively shown in
figure 4-3 and 4-4.
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Fig 4-1 155 DTC  Computed burning time (s)
Elevation
mil, 400 600 800 1000 1150
charge
l 30,83 33.26 36,43 38.85
2 31,72 35,25 39,10 41,65
3 29,33 32,61 42,15 45,85
4 34,65 41,40 48,73 55,06
5 31,50 38,20 47,36 60,50 70,97
7 41,76 55,64
Fig 1-2 155 DTC Differcnce in burning time (s)
Elevation
mil. 400 600 800 1000 1150
charge
1 1.33 2,26 2,83 3,05
2 1,62 2,15 3,10 2,15
3 0,23 0,01 0,35 2,45
4 -0,55 0,30 -0,27 -1,14
5 -1,70 -1,10 1,06 1,20 1,97
7 ‘ 0,46 0,84
Fig 4-3 155 DTC Difference in combustion rate (%)
Elevation
mil. 400 600 809 1000 1150
charge
1 4,6% 6,9% 7.4% 7.2%
2 5,4% 5,9% 7.3% 4,5%
3 0,8% 0,0% 0.7% 4,4%
4 -1,5% 0,6% -0,4% -1,6%
5 -5,1% -2,9% 1,9% 1.6% 2,4%
7 1,6% 1,2%




Fig 4-4 155 DTC Difference in downrange (m)

Elevation]
mil, 400 600 800 1000 1150
charge

1 9 20 24 15
2 16 28 26 12
3 1 ¢) 3 15
4 10 7 0 5

5 23 19 19 14 9

7 22 15

One may note that for the highest charges the differences are less than 2
s for burning time, 5% for combustion rate, and 22 m for range, which is
very satisfactory because it is about the dispersion we can expect with
propellant blocks.

For lower charges the differences are larger but this kind of projectiles
will be probably used essentially with higher charges.

Correlation with propellant temperature. In this case, the rounds with

propellant blocks at different temperatures were exploited with the
model where mass flow rate is :

dm/dt = - K A.P* Vo Pp Sc (in¢cp)

K is adjusted to meet the measured burning time and drawn versus 0,

this graph represented in figure 5, permits to determine the function of
propellant temperature which is a third degree polynome :

K(@p) = ag + a,6p + a29p2 + a39p3




Fig. 5 1556 RTC Combustion rate versus propellant temperature
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Then as before, we can compare computed and measured burning times
(figure 6).

Fig.6 155 RTC Combustion rate versus propellant temperature
Difference between compu:ied and measured burning time

Propellant Temperature
Charge | Elevation| -31 °C | -6,4°C ! 34°C 50,7 °C

g l mil.

400 0,36 0,73 -0,55 -2.55
400 -2,98 -0.52 -0,98 ! -1.,86
860 2,38 1,62 1,58 1,07
800 1,01 0,338 0,27 0.04
800 -4,03 -0,67 1,42 1,17
850 0,89 --- - 2.13

Foem.

W~ Ww

The difference between computed and measured burning times is
generally higher than for 21°C. The dispersion in combust.un rate seems
also to be higher, especially for the higest and lcwest temperaiu:=s
tested. So we think that the modelisation »f the combustior rate versus
temperature is good enough with a third degree polynome but w=s can
expect that the dispersion in rarge should be higher for very high or very
low temperatures.




4. DRAG REDUCTION MODELISATION

The additionnal term in movement equation due to drag reduction can be
written in the following general expression :

Rpp = 1/2 p SV? Cxpp M, 1, P, 6, ...)

The identification of parameters and their functions which affect drag
reduction is allowed by the great diversity of firing conditions and the
suitable means of measurements described in §2.

4.1 Measurements

At Lie begining of its flight (about 20 s) each projectile is tracked by a
Doppler radar which permits to measure velocity as a function of time.
Then thes« data are exploited by a program developped by ETBS [3]
which provides ‘lrag coefficient Cx as a function of Mach number. (One
value of € is caiculated for one Mach number per second, so about twenty
values of Cx are calculated for twenty values of Mach number for each
round)

Tne decrease of the mass flow rate occurs after the end of the Doppler
radar tracking. So in order to observe the effects of the mass flow rate on
drag reduction at the end of the base-bleed phase, we must use a
trajectory radas tracking.

4.2 Identification of Parameters Affecting Drag Reduction

Correlation with Mach numhior, Figure 7 presents global drag coefficient
for DTC projzctiles with propellant block at 21°C (Cxasp) and shows that
Cxapp only depends on Mach number because the dispersion obtained on
this coefiicien:t (s not greacer than it is for a classical projectile.

Fig. 7 Drag coefficient with propellant block at 21°C
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As the propellant temperature affects combustion rate, one may think
that drag will be affected. This is not the case as shown on the graph in
figure 8 which represents drag coefficient for DTC projectiles with
propellant block at different temperatures (Cxapp ). Temperature effect
does not increase the drag dispersion. These two results indicate that an
optimal mass flow rate does exist above which the global drag coefiicient
only depends on Mach number.

Fig. 8 Drag coefficient with propellant block at different temperatures
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Drag coefficient for DTC rounds without propeilant block {Cxsgg) is dfawn
in figure 9.

Fig. 9 Drag coefficient without propellant block
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Then the drag reduction coefficient Cxgg used in the formula §4 is
calculated as

Cxpp = CxsnB - Cxann




The three graphs Cxapp . Cxspp and Cxgg as functions of Mach number
were plotted on figures 10-1 and 10-2 for <ach of the two tested
projectiles. Cxpp (M} is expressed as some polynomial functions of Mach
number {(degres < 4]

Fig 10- 1 155 RTC Drag coefficients versus Mach number
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Fig 10-2 155 DTC Drag coefficients versus Mach number
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Influenc z_of characteristic mass flow rate. During the empiying phase of
base-burn motor, it is clear that drag reduction decreases progressively.
As a matter of fact, the projectile drag goes from the Cxapp curve to the
Crspn o rirve.




We are trying to define the function of characteristic mass fiow rate f{(I)
from data obtained by trajectory radar.

The first firing campain allows us to point out a characteristic flow rate Ig

permitting optimum efficiecncy of base-bleed motor and the following
expression for drag reduction :

Reg = 1/2 p SV2 Cxpp (M) f(I)

wnere f{I) = I/Ig if T<lIg
fln =1 if I1>1

5. SUMIMARY OF THE MAIN ASFECTS OF THE ACTUAL MODELLING
FOR BASE-BURN ROUNDS

5.1 Additionnal Terms for Base-Burn Rounds

Additionnal term in the center of gravity movement equation :
-> >

ReB (V/V cos 8¢ + d¢) / m

where Rpg = 1/2 p SV? Cxgg (M) f(I)

The _characteristic_flow rate functon f{I).

fl) = lg  if I
fin = 1 if 1

Io
Io

<
2

I being the characteristic mass flow rate I = (dm/dt)/ pSV
lp being the characteristic mass flow rate permitting optimum efficiency
of the base-bleed motor.

Coeflicient Cxpg,

Cxpgp is the drag reduction ccefficient {(a function of the Mach number)
established for the entire firing envelope, for a given munition and
equipment.

for Mj< M < My, Cxpp (M) = api + a11 M + agy M2 + asy M3 + aq; M4

5.2 Calculation of the Mass and Combustion Time

Data.

mg = standard mass of the complete round

nig = mass of the round when fired

me = mass of standard burnt substances (propellant, etc...)
mepo = mass of propellant burnt in the barrel.




Calculation of the mass at extinction of the base-bleed motor : meggp
MEBB = Mg - MC
It is assumed that while t > tg and 1 > mggp the base bleed phase is in

progress.

Calculation of mass flow.

In this phase, the mass variation law is given by :

dm/dt = ‘K.Vc (Ni, I, P, ep, ...).pp.SC (mCB)

where K is the adaptation parameter enabling the base-bleed tirne to be

found
V¢ is combustion rate

pp is propellant density
Sc is the area of combustion as a function of burnt propellant
mass , mMcp :

Sc =ai+bpmepg for mcpi< MCB < MCB i+1
At any given time. the mass of burnt propellant is :
mcg (t) = mg - m(t)

where mg is the mass of the round when fired
m(t) is the mass of the round at time ¢

and we know that at initial time i.e. t = 0, m(0) = mqg - mcpo

where mcpo fs the burnt propellant mass in the barrel and depends on
the charge.

Calculation of the combustion rate.

The combustion rate is expressed as :

Ve = Vo f(Bp).g(P)

where Vg is the combustion rate obtained on the stand-burner
@y is the propellant temperature

2 ) 3
f(0p) = ag + 2,8, + a,0,7 + a3,

P is the upstream ressure

gP)= A.P*
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6. CONCLUSION

These test campain results have pointed out that one can consider that
upstream pressure and propellant temperature are the only parameters
which affect the mass flaw rate.

By another way, as long as characteristic mass flow rate is greater than an
optimal value, drag reduction only depends on Mach number and is
independant of propellant temperature. During the emptying phase,
characteristic mass flow rate becomes lower than this optimal value. The
function of characteristic mass flow rate used for modelling the falling off
of the drag reduction, which appears during this phase is still not
completely defined. Nevertheless comparisons between computed and
experimental trajectories and burning time conducted up to now are very

satisfactory.
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TRAJECTORY MODEL ‘NG FOR BAstprttu PRUJECTILES

Gerhard Laube
Defense Technology Agency, Ballistic Division, Thun, Switzerland

INTRODUCTIGN

Basebleed projectiles become widely used as an efficient mean of
increasing the range of artillery projectiles. Tnerefore there is a
strong need for a trajectory model that fits inte existing fire control
computers. Such a medel should avoid additional integration variables
which would Tead to longer calcrlaticon times and should fit into
existing calculation techniques 1n ordner to keep software maintainance
costs down. Our artillery tire control computer uses trajectory
integration within a mass point model [1].

THEORY

The well known "swedish model" for basebleed caiculation, see eg. [2]
uses a representation of the effective drag in the form

Ldeff = f*Ldhage + Cdepjep + Cderont (1)

where tin ag reduction factor depends on the mass tlow I, the Mach

number M, and projectilc related geometrica. data A. It is factorized
into

fOLLMA) = FI(L)*F2(M)*£3(1,M,A) (2}

The mass flow depends on the burning law of the basebleed propellant
and therefore on the chamwber pressure which may be related to the
ambient base pressure. Furthermore, the burning characteristics may
be afiected by the spin rate. Hence, masc flow calculation is rather
complicated.




But, if a suitable initial guess of thz burring time 1s available

- depending on muzzle velocity, ambient atmospheric conditions and
propellant temperature, f1 and f3 in formuia (2) may be expressed as
functions of time instead as funktions of mass flow. Moreover, with

the total drag Cd may be used as a reference to the drag reduction
factor.
Cdeff = g(t’M‘A)*CdtOt (4)

Such a representation would conveniantly fit into present drag
calculation of existing fire control computers. However, the
factorisation of f in (2) will not apply to g in {4). We have there-
fere to look for an alternative form.

CATA COLLECTION

In order to get data samples covering a wide range of parameters, a
test nlan was set up covering firings from low zones (380 m/s) to
high zones (915 m/s), elevations from 200 mils to 1100 mils. The
nurpose of using high elevations in the upper register was to expose
the active projectile to low ambient pressure conditions which would
influence the burning rate and burning time.

ELE
(A c/00j
1200
® i y |
1000 71
800 ¢ ®
es o O 8 ® 0 o
600 ¢ ®
* e o o 8
® Oy
400 +t ® ° ¢ L L ]
L
®
200 + ® @
0 ¢ —+ + + Vo (n/s)
0 200 400 600 800 1000

fig 1: summary of the main tiring conditions
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Unfortunatly, low atmospheric pressure and high Mach numbers tend to
be correlated, so that the separation of Mach number and atmospheric
effects will be difficult. Variation of the mass flow parameter was
also achieved by using rounds conditioned at low or high temperatures.

Inert shells, i.e. shells with inactive basebleed units. were used for
reference purpose, so that the effectivness of the drag reduction could
be observed in a direct comparison under the same conditions, Due to
test site range restrictions, this direct comparison was not always
possible, since not always two different target areas were available

at the same time which would have been required for virings with both
projectiles.

A non-tracking Doppler radar was used to get the velocity data. Met
data was collected by standard met sonde technique.

DATA REDUCTION

The drag coefficien. was calculated from the doppler radar data using

a point mass model. It s rnot necessary to calculate with decreasing
mass, the aeroballistic effect of the mass docrease can be incorporated
1n the efficiency factor g. fig & shows drag data.
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f1g J. measured drag data fyom basebleed projectiies
cnothe next step, tne -39 reduction factor 1< derives gs ratio of

9 ey iye Cnactive. see fig t
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fig 3: drag reduction factor as a function of time, for various Mach
numbers.

For the interpretation of the data, burnout time ist very important.
Optical cbservation of burnout time turned out L. be rather erratic.
A stili active unit may have no opticzl signature and, on the other
hand, ineffective burnout of remaining prog:ilant may be clearly
visible. Therefore we decided to define the burnout cime as the end
of eftiiiency, measured by the doppler radar.
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Now, having the burnout time tg or a suitable guess of it, we are able
to rearrange the drag reduction data as a function of the relative
burning time t/*g. This procedure eliminates the variation of burnout
time due to the various influencing factors, such as high propellant
temperature and high spin rate which result in an increase of the
burning rate, and therefore in a decrease of the burning time. Fig 4
shows the result of this reduction step. T
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Obviously, the main effect - the effect originating from the mass

flow - has been eliminated. The effectiveness, i.e. the drag reduction
factor, of a well designed basebleed unit is not very sensitive to
variations in the mass flow. It has to be outlined, that fig 4 contains
also measurements on high and Tow temperature conditioned projectiles,
Tor which the burning time varies more than ten percent. The mass fiow will
change by approximately the same amount, but the effectiveness varies

by far less than ten percent.

Remember that, because of the useage of the total drag as a reference
(4), combined effects of mass flow and Mach number have to be expected.
[t becomes now difficult to identify these remaining effects. Higher
spin rates result in higher burning rates. Therefore both Mach number
and mass flow correlate with high muzzle velocities. Separating the
drag reduction factor curves for different zones gives a separation

of Mach number and mass flow parameter simultaneously. The resulting
drag reduction curves separated for zones 8 and 10 are shown in

fig 5-6.
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BURNING TIME

Up to now, an empirical formula based on test firing data is used, a
function of muzzie velocity and elevation angle. Simple approaches of
correlating burning time with tree air trajectory data were not
successful.

Firing tests, where base pressure and basebleed unit chamber pressure
are to be reccorded in flight, are in preparation.

ACCURACY OF THE MODEL

Errors in the burning time (as a result of a bad guess or an

inappropriate formula) will result in a range error and a time-of-flight
errov. It has been calculated, that a ten percent error in burning time,
using unaltered drag reduction data results at zone 8 only in a 200 meters
range error. Hence, fortunately, the probiem of burnout time is not that
delicate.

The drag reduction curves of fig 5-6 show some bandwidth. To get a
feeling for the yet remaining error, we performed calculations with the
lower and upper enveloppes of these figures instead of the mean curve,
of fig 7. This is a worst case assumption, since no actual curve is
Towest or highest over the whole domain.
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fig 7. drag reduc.ion curves used for range sensitivity calculation
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The following tablc shows the results of this calculation for an
example with zone 8. The actual firing distance was 21.9 km, the
basebleed unit i-urning time was 21.7 secs.

Basis: actual iring. range crror {f error
mean drag reduction curve - 66 m - 42 s
lTower drag reduction curve +218 m + .07 s

Basebleed projectiles are tactically used only over a liwmited
spectrum of the possible parameters. They ae used prefeirably with
high zones at long ranges. Thereforc usual fittiig techninnes with
heavy weights on high zones and long ranges are pplicabic and wili
further improve the accuracy of the calculation.

CONCLUSIONS

Tt was proven that with sufficient accuracy a simple extension of the
standard integration formula does the job oi trajectory calculation
for the purpose of fire control. Further work has tc be done,
especially in the field of predicting the burnout time.
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BASE BURNING PERFORMANCE AT MACH 3

Warren C. Strahle
School of Aerospace Engineering
Georgia Institute of Technology, USA

INTRODUCTION

Over the past four decades there have appeared spurts of interest in the
use of combustion or mass addition either from the side or from the base of
a projectile in supersonic flight. The purpose has been for generation of
control forces or thirust {drag reduction) for these projectiies or mis-
siles. A brief list of references (not exhaustive) illustrating the chro-
nology is given as Refs. 1-7. This symposium represents a new phase of
interest in tne problem, but is speciaiized to the use of base bleed for
drag reduction.

Prior work at this laboratory /8 has focused on experiments in base bleed
for base drag reduction (or elimination) using various injectants, with
hydrogen as the combustible. The experiments were Timited to a facility of
fixed Mach number of 3, but sufficient variabies were changed to provide
much physical insight intc the preblem. In particular, this paper will
focus on the advantages of using a hot fuel rich bleed gas as the
injectant, as opposed to either a pure cold fuel or inert hot gas.

FACILITY

The faciiity used was a blowdown windtunnel designed to simulate the base
flow for a bluff-base, axisymmetric projectile with a fineness ratioc of
about 6. The Mach number was 3 at the projectile tailplane. Test section
details are shown in Fig. 1.
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Figure 1. Base hurning test section schematic

The windtunnel characteristics are described in Table 1.

Table 1. Wintunnel characteristics

Mach number at base tailplane 3.0 5
Stagnation pressure §.3 x 167 Pa
Stagnation temperature (drifts during run) 250-28g K
Reynolds number based on base diameter 3 x 10
Boundary layer momentum thickness at tailplane 0.67% D
Centerbody base diameter (D) 5.72 .
Tunnel area at base plane 161 cm
Maximum run time 5 min

Test section static pressure 24600 Pa
Test section static temperature 100 K

Mass flow rate 0.82 kg/s




The hollow cylindrical model extends through the windtunnel nozzle and is
supported by four streamlined struts in the upstream portir~ of the
windtunnel where the Mach number is 0.07. Gases for base injection and
instrumentation leads were ducted through the support struts.

Two base configurations were used. The plane base shown in Fig. 1 is a
plane sintered metal base plate. This plate was used for base bleed with
hydrogen injection with diluents of He, CO, and H,. The second base config-
uration is shown in Fig. 2. This was useg for é%e combined preburning of
pure oxygen with diluted hydrogen before injection into the wake.
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Figure 2. Base configuration for preburning

Ignition for all cases was obtained by jgniting a solid propellant consum-
able igniter sting as shown in Fig. 2. Base pressure was measured as the
average of four or five base pressure static taps d 1led through the plate
nearest the base. In all uses the injectart momentum flux was less than 5%
of the bhase force rise achieved, assuring a base bleed situation as opposed
to a thrusting system with the addition of base bleed.

PHYSICAL INTERPRETATION

From a variety of sources ’, both theoretical and experimental, the mean
fiow field may be expected to look as depicted in Fig. 3. There are many
ways to physically reason what may be expected with injection and base
burning. The author prefers, for simplicity, arguments based upon injection
effects on the streamline passing through the rear stagnation point. This
streamline must, by definition, stagnate, so the static pressure plus the
dynamic head govern this process. If the Mach number is reduced on this
streamline, the stagnation pressure falls so the static pressure must rise.
This results in a base pressure rise. The Mach number in combusting flows
ic primarily determined by the speed of sound because flow speeds are
mainly set by the freestream speed. Since the dominant species



in the flow is N,, mass diluent effects of various molecular weights will
only have a weak effect on the stagnation pressure. Consequently, combus-
tion heating is the dominant cause of hase pressure changes.
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Figure 3. Presumed flow model for base burning

Another socurce of neating of the subject streamline would be the injection
of hot gas, and this is what is accomplished in the preburning case.
Control of the injectant temperature, however, alters the entire shape of
the flow field and it is not clear what the optimum (if any) mix would be
when considering an H2/02 ratio of injectants.

In consideration of the results below, there are two performarce parameters
of paramount interest. These are the base pressure, P_, rise with injec-
tion. The no-injection base pressure will be dengied P, , and the
freestream static pressure at the tailplane will be dencoted 50. The rele-
vant force change on the base is then (P _-P )Ab, where Ab %s the base
area. The overall mass injectant rate is thgt 8? H2 + 0, + diluent, denoted
m. The effective specific impulse is then -

Isp = (Pb - Pbo) Ab/m
In order to facilitate comparison of various injectants it is also useful
to quote the effective heating value og the fuel plus diluent combination.
Pure hydrogen has a value of 1.%& x 107 J/g and a typical hydrocarbon has
values in the range 2 - 2.5 x 10" J/g.

One final parameter used to characterize the injectant rate is the injec-
tion narameter I, defined as the ratio of mass injection rate to the
"capcure" mass flow rate of the free stream, o V1 A, . where p, is the
freestream density and V. the freestream veloci%y. For base bleed situa-
tions I is always a very *ow number compared with unity.

RESULTS

Shown first are the results of pure and diluted hydrogen, using the base
plate of Fig. 1. In Fig. 4 the Isp is based upon the fiow rate of hydrogen
alone, regardless of the diluent. Where diluent was used, the amount was
chosen to bring the effective heatina value of the mixture to values which



would be practical for a fuel rich gas generator. The reason for presenting
the resuits on the basis of the H, flow rate alone are to emphasize the
main results of Fig. 4 that the diluent makes little difference. The basic
performance depends only upon the amount of fuel poured into the base
region {the heat dump into the wake). This result has been quaiitatively
argued ahove.

I2xIO3
[
101 DILUENT  Qg,J/g
NONE 121 x 107
8 No 200xi0%
He T
ISPH . 0 4
2 6r CO0p 250 x 10
4t
CJ °°
2- m
o 1 L L A [ . _4
© =z 0 2 4 6 8 tQ  12x10
Eé o 1007
85
w D
0n o 90 00 o
qaw O3 &
“Z“: (9//%'/
x 8ot e
Q
Q %
x 70%
2 [=]
g -] L
a a §
] t 60 X} L I " —
2l - o 2 a4 6 8 10 12xi0?
T
2

Figure 4. Base burning results with diluted and undiluted hydrogen




An interesting presentation of results occurs when the specific impulse is
plotted as a function of the relative base drag reduction, as shown in Fig.
5. Here the true I is shown on the ordinate, but sealed by the efrective
fuel heating value "For pure H, injection the solid straight line results,
which remains, within experimental scatter, a straight line even with
diluent. Two major points here are (1) impressive IS resuits may be
attained at base pressure reduction values as high as 30%, but (2) with
this injection method 100% base drag elimination cannot be achieved.
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Figure 5. Scaled specific impulse against base drag reduction

The preburner configuration of Fig. 2 was first tested without injection
and with pure hydrogen injection to assure results comoatible with the Fij3.
1 injector at the tailplane. Base pressure results differed by only 1%,
which was within experimental scatter. Moreover, with pure H, burning, the
results for the preburrer configuration did not differ from "those :¥ Fig.
4.

Figure 6 shows the effect of hydrogen injection rate with variaus vaiuz; of
0, + N, maintaining a relatively constant 0., + N, mass flow vave. For
cgmpariton tie base pressure results of Fig. 4%are aso plot.ed on Fig. 6.
The rather stariling resulu is that performance is strongly improv-¢d with
preburning.
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Figure 6. The effect of preburning on base pressure reduction

The net performance gains attainable by preburning are shown in scaled ]
vs base drag reduction in Fig. 7. The dashed 1ine represents an envelope
upper limit performance attainable. Impressive values of [__ are attainable
with nearly 100% base drag elimination. It was also check@¥ that no effect
of inert diluent appeared when the HZ/OZ ratio was held fixed.
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It is unclear from a physical viewpoint and withoiut a theoretical model why
preburning causes such a large performance increase, as compared with pure
or diluted hydroger injection. Nevertheless, the performance gain is
impressive and makes base bleed an extremeiy attractive propulsive device.

CONCLUSION

Pure base burning performance with hydrogen fuel is determined by the
hydrogen flow rate and is therefore dependent upon only the heat dump rate
into the wake, independent of the diluent used. This has the consequence
that the specific impulse for pure Hase burning (no preburning) is
directly proportional to the heating value of the injectant.

Combined preburning and base burning yields considerably higher performance
than with pure base burning of a cold injectant. Impressive performance
vaiues are attainable. For exampie, 90% of the base drag can be eliminated
with a specific impulse greater than 1000 using an effective fuel heating
value of 20,000 J/g.
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INTRODUCTION

The total drag of an artillery shell consists of several
contributions, for example wave drag, friction drag, drag due
to lift and base drag. The part of base drag can add up to 75 %
of the total drag of the projectile. Figure 1 shows the

compar ison of the total drag curve with the curve of base drag
as function of Mach-nunter for the RH 49-BB round without base
burning. This shows that one possibility to achieve extended
ranges For fielded 155 nm gun systems is the reduction of base
drag (ref. 1). At Rheinmetall the theoretical basis of the Base
Bleed Effect (ref. 2 + 3) was elaborated and the projectile RH
49-BB was developed in the last years. As a result of the
theoretical work a simple engineering-type mode! for base-bleed
calculations was developed. Another similar mode! 1s Known
(ref. 4) which 1s more specialized and bases much more on a
great number of wind tunnel measurements.

Next the base~bleed simulation is described. Afterwards the
construction and firing resulits of the RH 49-BB projectile are
presented. Finally the methods of trajectory calculation are
ment. ioned.

BASE BLEED SIMULATION

The supersonic flow around the base of an artillery projectile
18 rather complicated. The reason for the great base drag 18
the low base pressure. The base drag 1s reduced strongly, 1f a
small amount of gas 15 blown Into the afterbody wake. Tre gas
1s produced by a pyrotechnical unit placed 1n the bottom of the
projectile (Base-Bleed-Effect). With the definition of a
dimensionless gas flow rate,

s
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1t 1s possible to draw the base pressure as a function of mass
flow through a nozzle 1n the bottom of the round (Fig 2). Only
the first part of this curve up to the maximum of base
pressure (1. e. minimum of base drag) 1s wmportant for the
Base-Bleed-Effect. In this region where the mass flow rates are
n the order of a few percent, the base burn units work.

The Rheimmetall simulation of the Base-Bleed-Effect is based on
the theory of the outlet of a Jet of gas from a reservoir and
the stream tube theory. Figure 3 shows schematicly the flow
around the base of a bcat tail of a artillerv shell with
base-bleed.

Using these theories it 1s possible to deduce the following
system of equations, describing mass flow I, dead air angle «,
base pressure ratio pg / Pw, length of dead air region 1

I = Pp Mw " (Sd__ﬁ_ >l Qo /1 A Y z (2 )
Po Mw & dret/  apes 2 ¥
oﬁz\DCMZ)*V(M‘;) (3)
2. &L
Ps . (2*(8’-1)”&) ¥-1 ( 4)
Pw 2+ Cy-NM,*
? - Hdﬁn_z;mcf cot Ca+p) (5)

Input data are the adiabatic exponents ¥ and I" |, the geometric
data dref. dy and dn, the sound velocities ae and ares the
boat tail angle @ . The Mach-number My follows from

p = v (M)-v(Ma) (6)

v (M) 1s the Prandti-Meyer-Funktion. & can be calculated by the
equations:

- [eA
sod B A g(n- (7))
&+ el /M < 2+Cr-1>M,ﬁ> 4(r-1)
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The gas fluow rate is given by the burning law of the Base-Bleed
grain. We assume the following burning law for the oimulntion.

yn
R =(C Fres
oy ml
- (1 £:L MS) R ek (8)
and now
T - eefafe g (o)
= Moo ¥ R o Poo

£ pr is the constant density of the base-bleed grain. The
burning surface Fpp depends on the geometry of the base—bieed
unit and the burning rate.

The solution of this system of equation gives the change in
base pressure and so also change of base drag by base burning.
The connection of this simulation to a ballistic flight
programme makes. it possible to calculate the trajectories of
base—-bleed projectiles.

PROJECTILE RH 49-BB

The 155 mm RH 49-BB 1s a long range projectile with bomblet
submunition. The round 1s effective against semi hard targets
at ranges up to 31 km fired with the field howitzer FR 70 or 38
km fired witih 52 caliber extended range ordnance. The shel}
carries 49 grenades of the type RH II with self-destruction
device. Figure 4 shows the construction of our projectile. The
main parts are the ohe—piece shell, the bottom with the
base-bleed motor, the 49 grenades, the expulsion charge and the
mechanical time fuze. The base-bleed grain is shown in Figure
5. A sumtmary of the technical characteristics of the RH 49
base-bleed projectile 1s given in table 1.

TABLLE 1. Technical characteristics of RH 43 Base-Bleed

Weight 44.6 Kg
Muzz le velocities

Charge 8: L10A1 823 m/s
Charge 7: L 8A1 678 m/s
Center of gravity 319 mm
Ax1al moment of inertia 0.15 kg me
Transverse moment of

nertia 1.80 kg m
Reference diame: er 154.7 mm
Rase diameter 146.2 mm




Diameter of base orifice 43.5 nmm
Burning low of propellant

c = 1.4 mm/sec
At = 0.31
Density of propellant 1.37 g/cm3
wWeight. of BB grain 1.45 kg

FIRING RESULTS

The firing results obtained over the last years have
demonstrated that the maximum range of the RH 49-BB projectile
is greater than 30 km with a muzzle velocity of 823 m/s. The
probable errors are PER < 0.3 % and PEp < t mil, Compared with
the inert projectile the base burning produces increasing
ranges of 19 - 26 % depending on muzzle velocity and eievation.
Thus the base-bleed motor causes a decrease of base drag of
about 60 - 80 %.

The burning time was measured stainicly and in flight by optical
and radar methods. The static burning time is 26 s at a
temperature of 210 C. Depending on the trajectory the burning
time increases up to 36 s. The static burning rate is 1,4
mm/sec. At grain temperature of - 32 ©C the burning rate
decreases 4 ¥, at 52° C the burning rate increases 8 ¥. From
these experimental data, it is possible to determine the
coefficients of the burning law: C = 1,4 nm/sec, & = 0,31,

From radar measurements the drag coefficient Cp was calculated
as a function of Mach-number for the inert projectile and for
the base-burning phase. These curves are shown in Figure 6. The
value of Cp during base-burning is nearly constant (Cp = G, 18).
The curve deduced from radar measurement is compared with
results of the base-bleed simulation. The Cp curve of the inert
projectile has the typical shape of a modern artillery shell.
After burn-out the Cp~ value junbs from the base-burning-curve
to the inert curve. The Mach—-number related to this jump
depends on the firing conditions.

SIMULATION OF TRAJECTORIES

The simuiation programme of the base-bleed effect was linked to
a two—degrees-of -freedom trajectory model. The given base drag
of the inert projectile, which comes from empirical equations
or from tables 1ike DATCOM (Ref. 5), i1s corrected in the
described way. So the drag can be written,

2
S Voo dref )
D - 5. re (cg ey - o3 fp CD) (10)
with
Cp - drag coefficient of the 1nert projectile,

function of Mach-number
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Ca - Baliistic coefficient of the inert projectile,
function of muzzle velocity and elevation

fg - Coefficient of base drag reduction

&g’ - Additional ballistic coefficient of the base burning

phase, function of muzzle velocity and elevation

The base drag reduct.ion is calculated by the base-bleed
simulation. The ballistic coefficients are used to fit the
calculations to the firing results. To reduce the time of
calculations we use the results of the flight simulation with
base-bleed as 1mput data for a simpler two—-degrees—of-freedom
trajectory programme with change of the Cp-curve and ballistic
coefficient without gasdynamic base-bleed simulation.

The drags of the base~burning phase and the phase after
burn-out can be written

T
D
D, - st Vo dres cap Sp during base-burning  (11)

8m

X .
D, - &;ﬁﬁgi:)c{w{ ¢y Cp after burn-out (12)
Cgp - baliistic coefficient during base-burning,

function of muzzle velocity and elevation

o drag coefficient of the base bleeding projectile,
constant value of 0,18

This programme allows very fast calculations of trajectories of
the RH 49-BB round. The results of these calculations are
presented in Figure 7 - 9. In figure 9 the velocities of the
inert and base-burniing (burning time 36 s) projectile as a
function of time of flight for maximum range are shown.

FINAL REMARKS

The long range 155 mm projectile RH 49-Base Blecd wiith bonblet
submunition ia presented. With the help of a sim le 1heoreti al
model for calculating base bleed characteristics .ethods for
range calculation during development are explained. In the next
future calculations with the moditied point mass trajectory
(ref. 6) model are planned.




LIST OF SYMBOLS

Pressure

Density

Projectile mass

Mass f low

Dimensionless mass flow

Area

Speed of sound

Velocity

Mach—-number

Diameter

Diameter of inner flow thcat
Axial extension of dead air region
Dead air angle

Boat tail angle

Coefficient

Burning equation coefficient
Exponent of burning equation
Burning veliocity

Propellant surface

Drag

Ratio of specific heats of combustion products
Ratio of specific heats of air

% TIOTMITROCO HR—=BA T <D >33 T

SUBSCRIPTS

RES : Reservoir

o0 ;. Undisturbed flow values
B Base:

N Nozzle

D : Drag

ref : Reference value

PR : Propellant
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FIGURE 3 Schematic Supersonic base flow pattern
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A STUDY OF DRAG REDUCTION BY BASE BLEED AT

SUBSONIC SPEEDS

Ding Zeshong, Liu Yafel & Chen Shaosong

East Chlna Inst, of Technology, CHINA,

1. INTRODUCTION

Basc bleed is accepted now as the most effective technique ‘or reducing drag. Large - caliber,
long - range and Low - drag projectile can extend its range by 30% and the gain is
quite high. At present, the base bleed technique is mostly uied in range of supersonic speed,
In accordance with experimental results of cold air bleed. the only rescarch data 'Y about
base bleed of three - dimensional body under subsonic and .ransonic specds predict that base
drag reduction rate by basc bleed is very low in the speed range.

What's the base blecd rate under subsonic and tiansonic speeds then? It is of great importance
to understand the problem in developing base bleed technique and modifying old - fashioned
projectile having lower initial velocity.

For this purpose, a wind tunnel test is carried out with real base bleed grain, the base drag
reduction rate by base bleed is obtained under subsonic and transonic speeds and comparied
with results of cold air bleed.

2. EQUIPMENT, MCDEL AND TEST

2.1 Equipment

The test is carricd out in base bleed wind tunnel HG - 03 in East China Institute of Technology.
The tunnel is an open - jet wind tunncl with a centre - body. Mach number varies from 0.6
to 3, and the circumstance pressure on the sca surface can be simulated.

The centre body is supported by four radial struts on the stilling chamber, and the pressure
- tube is protruded from the wind tunrel through them, therefore the disturbance of
the model support upon the base flow ficld is eliminated.

The quality of the flow field is high. When M=0.6~0.8, AMmax /Mcp<0.6%, and when
M= (.98, AMmax/Mcp<{1% . The centre - body nozzle is shown in Fig.1.

2.7 Model

In this test, a cylindrical tail model is used, which is cornccted with centre - bedy end. Its
diameter is 0.0Mm. The ratio of the bleed heie diamcter D to the diameter D of the model
base is D) 7D=0.5.

23 Prossure Measurement

The total pressure of the wind tunnel, the static presswie of {ree - stream and the base prossure
are measured in the test The transducer of bose pregsur. is a7 - form beam strain gage
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FIGURE 1. Centie body nozzle

transducer, its measurement range is +9,8°0ON/m? All the data are acquired and reduced
by compultcr.

2.4 Basc Bleed Grain

Threc types of base bleed grains are used in the present test, the iurning temperature
of number | grain is over 3,000C and that of number 2 and 3 grain is about 1, 3007C.
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/12 03l a1 s 6
[ T~ - -
! l I

I start of wind tunncl 2. flow steady 3. ignition
1 stable burning 5. stop of burning 6. stop of the tunnei

FIGURE 2. Varied curve of base pressure with time
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TABLE 1. Re Number at Fach Mach Number

M Re ( x10") /m
[ 0.59 1.64

0.7} 2.00

0.82 2.43
L 0.98 3.26

2.5 A Brict Account of Test

The tests are carried out under four Mach numbers, i. e. M=0.59, 0.71, 0.82 and

0.98.

In the whole provess of blowing, i, ¢, before, durning and after buring of the grain, the
chuanges of model base pressure are measured, and the time of burning is recorded. Finally,
P -t curve is obtained which is shown in Fig. 2. Al er processing, the variation of
base drag reduction rate with injection parameter I can be found. Correspondence of M with
Re is as table 1.

These numbers arc far beyond the critical Re { 6.5X10%) of the three ~ dimensional boundary
tayer transition, for the practical use the cffect of Re on base pressure can be

neglected.

3. RESULTS AND DISCUSSION

The experimental data under different Mach numbers are processed into the curves denoting
the vadiation of base drag reduction rate ACp,/Cpy by base bleed with injection parameter

I and shown in Fig.3~Fig.6.
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FIGURE 3. Base drag reduciion rate curve by base blo:d at M=0.59
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It can be scen from the figures above that under subsonic and transonic specds, the whole

changed tendency of ACpw/Cps of all the hree grains is identical. It is characterized
as follows,

(1) Under small value of I, ACps/Cos is increased siarply as I increased.

As value T is small, the velocity and momentum of base blecd are small, and when value
I is increascd, the mass of gas entering the wake rcgion ard the cnergy released by burning
in a unit of time are quickly increased so that the near wake rcgion is greauy
extended, accompanying considcrable rise of base pressure and ACpu/ Coo.
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FIGURE 5. Base drag reduction rate curve by base bleed at M=0.82
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FIGURE 6. Base drag reduction ratc curve by base bleed at M= .98

(2) As value 1 is greater, the risc of the curves is gradually flatlened.

With a greater value I, the mass entering the wake region in a unit of time is larger, and
its velocity and momentum are greater. The stroag bleed momentum may destroy the structure
of the base recirculation region, rcduce the base pressure and cancel the profit from
the increase of mass and energy, so that it makes the curve changed smoothly. As
value T is even much greater, the incrcase of ACpy/Cpy is small,

( 3) Under different Mach numbers, the effect of number | grain’s reduction drag
is the best, since its buming temperaiure is much higher tha.a that -of number 2 and number
3 grains.

(4) In the range M=0.59~0.82, the base drag reductios rate of number 2 and number
3 grains is about 80% , while that of numover | grain is as high as 100%, i. ¢. the

base drag is completely eliminated.

TABLE 2. The Experiment Results
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FIGURE 7. Variation of reduction drag efficiency ~ ( aCow/ 21 ) ;=4 with Mach number

The experiments are made repeatedly to prove the reliability of the above ~ mentioned experimental
results. Tt is shown that under above three Mack numbers, as I is larger than a
definitd value, the value of ACpy/Cos of wiost experimental points is slightly higher than
I, and the value of less points is lower than { but higher than 0.97. (sce table 2).

In consideration of the experimeantal crrors, it is regarded that the base drag reduction rate
by basc blced of number 1 grain is 100%, th~ base drag can be completely climinated.
In accordance with base bleed cold air test, Bowman and Clayden derived an empirical formula
of reduction drag by base bleed with the use of propellant as a fuel,

e I
Cow=Cp ¢

The formula was widely quoted. These experiments, “owever, show that it is not in
good agreement with grain’s base bleed results, The main diffcrence is as follows,

(1) Under subsonic and transonic speods, the bas: bleed reduction drag rate of
solid fuel estimated by the formula is much lower tin the experimental value. Sce
Fig.3 - Fig.6. In the range of M= (.59 0.32, the estimated value is only cquivalent to |
/5 of number 1 grain and 1.4 of number 2 and 3 grains.

{2) It can be further understood from Fig.3- Fig.6 that the variations of real
grains base drag reduction rate by base bleed with injection parameter T does not correspond
with the index relation of the empirical formula by Bowman and Clayden. After the value
Iois larger than 0.007, the change of reduction drag rate takes place slightly.




Nevertheless, according to the estimation by he empirical formula, when the value T gocs
up from 0.007 to 0.012, the reduction drag rote increases almost 50% .

{ 3)  Under subsonic and transonic speeds, the variations of reduction drag rate by
real grain’s burning with Mach number is different from the expected by reference ! .

In that literature, stands for reduction drag efficioncy by base bleed. According to the experimental
data under M= 0.11, 0.64 and supersonic speeds, the enterpolation was made for transonic
speed, and the experimental results of tr#nsonic speed by Sykes were quoted. Scee
Fig.7. Under subsonic speeds, ~ (2Com/ 21) 1=, are contant and very low. Under transonic
and ww supersonic speeds, it goes up steeply, and its maximum is recached about M=
2.5.

But the present experiments of real base bleed grain carried out in wind tunnel show
that under subsonic and transonic spegeds, the solid fuel - rich grain’s base drag
reduction efficiency by base bleed is very high, in the range of M=0.59~-0.82, - ( aCpu
/ al) 124 is cquivalent to the data with M=2- 2.5, Thercfore, the changing tendency
of the solid fuel - rich  grain reduction drag efficieny by base bleed is high - low - high when
Mach number goes up from subsonic, transonic to low supersonic,

Preliminary  analysis indicates that the great diffference between results by reference and
recal base bleed grain’s reduction drag efficiencv is caused by the fact that the cold and hot
air experiments made by Bowman and Clayden didn't  simulated the near wake bumning effect
of fuel - rich products in the wake region and the influence of different release
positions of enthalpy value. It can be concluded that the simulation of solid fuel base biced
with gas (cold or hot) cannot meet the needs of engineering.

rn

4. SUMMARY

The present study uses solid fuel - rich base bleed grain to do the experiment of the
base drag reduction rate by base bleced in wind tunnel and the following main results arc
obtained ;

(1). In the range of M=0.6- 0.8, the base drag reduction rate by base bleed of solid
fuel - rich grain is very high. Number 2 and 3 grains can reduce base drag by 70 -
80% , while number | grain can completely eliminate the base drag, It is worth developing
the technigue of the reduction drag by base bleed in the range of subsonic and
transonic speeds.

(2). In the range of subsonic, transonic aml low supersonic speeds, the variation tendency
of grain’s reduction drag efficiency with Mach number is as.  high - low - high. Sharp changes
take place in the range of transonic speeds.

(3) . The estimated value by Bowman and Clayden under subsonic and transonic speeds

is only 1/4-1,75 Of real value of solid fuel - rich grain and so it is not applicable

5. NOMENCLATURE

Cos base drag coefficicnt without base bleed
Coub base drag coefficient with ocase bleed
AC Cpy-C
LT e AL base drag reduction ratc by base bleed
Coy Cuu
D model diameler
D, bleed hole diameter
m
= - injection paramcter
PVS Jestion parare
h mass burning rate
M Mach number




Re Reynolds number

S base arca
\% velocity of free stream
p density of free stream

= (2Chm/ 81) 129 reduction drag efficiency by base bleed
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TESTING OF PARTS AND COMPLETE UNITS OF THE SWEDISH
BASE-BLEED SYSTEH

Nils-Erik Gunners, Kurt Andersson, Yngve Nilsson
Swedish Defence Research Establishment
Box 551, S$-147 25 TUMBA, Sweden

ABSTRACT

The Swedish Base-Bleed system was invented about twenty years
ago. During the research leading to the invention and during
the continued development a number of different methods and
esperimental procedures for testing parts as well as the
complete system have been develcped.

The paper describes several of these tests in relation to the
functioning and the design of the system. Examples of test
results and advices on their application are presented.

The first part describes laboratory methods and experimental
facilities for testing parts such as propellant grains,
igniters and nozzle systems in combustion bembs, spin stand,
soft recovery acceleration facility and supersonic wind
tunnel.

The second part treats parts and complete base-bleed units
functioning and performance “esting by means of gun firing in
aeroballistic range and in actual free flight trajectories.




1. INTRODUCTION

Longer range and greater accuracy are rconstant objectives when
new ammunition is developed or existing ammunition modified.
Several methods of achieving these goals may be applied. Most
methods can be combined.

Afterbody drag accounts for a substantial part of the total
drag, more than 50 % for a slender-nose projectile. Thus, the
importance of decreasing the afterbody drag is apparent. By
mcans of a base-pressure-increasing system, such as base-
bleed, the base pressure can be increased considerably during
an important part cf the flight time., This also affects the
optimum design of the proiectile afterbody.

The Swedish Base-Bleed System was invented in the late
1960-ies, /1/. <(haracterized by great simplicity and very
good performance when correctly designed it has become an
internationally adopted prototype for most later designs.

It is especially advantageous to modern low drag projectiles.
During the research leading tc¢ the invention and during the
continued development a number of different methods and
experimental procedures for testing parts as well as the
complete system have been developed. Since these methods and
procedures are strongly related to the design and functioning
of the system a short resumé of the fundamentals might be of
value. Phenomena to which the system is subjected and which
give rise to testing will be pointed out.

Fnvironmental tests, such as drop tests, vibration tests,
temperature cycling and performance over specified tempera-
ture and humidity ranges, are carried out in accordance to
actual regulations for conventional amnunition.

Several aging tests are performed of the base-bleed propel-
lant grain and igniter as well as of mechanical parts of the
base-bleed unit such as sealings. Aging tests of complete
units are also performed. Ultimate tests are gun firings.

In this report neither environmental nor aging tests will be
further discussed.

It should be noted that the tests reported here are primarly
used for research and development although most ¢of them, with
minor alterations, could be used as production tests.

2. FURNDAMENTALS OF THE SWEDISH BASE-BLEED SYSTEM

The purpose of the base-bleed system is to eject, or bleed, a
suitably low mass flow of under stoichiometric solid propel-
lant combustion products from the body of a flying object,
such as a gun projectile, into the near wake where the com-
bustion is completed with ambient air. This affects the wake
flow in such a way that the base pressure is increased and the
base drag thereby reduced. The base mass flow should be




optimal and should occur during a substantial part of the
flight time.

There are many problems associated with fthe desigyn of base-
bleed units for projectiles. The system has to withstand the
pressures, temperacures and accelerations in the gun, at the
nuzzle and during flight. The ignition has to be reliable and
consistent and the unit should be designed to work
efficiently. Morover the mass and volume should not adversely
affect the lethality or cargo capability of the projectile.

The general design of the Swedish base-bleed unit is shown in
fig 1. It is a compromise of efficiency, simplicity and low
cost and is based on the fact that a controlled low mass flow
of mainly gases can be generated by the combustion of a
propellant at low pressures in a combustion chamber within the
projectile body.

Igniter
Propellant grain

Combustion chamber housing

Nozzle

FICURE 1. Low drag experimental projectile with base-bleed
unit,

The main parts of the base-bleed unit are the combustion
chamber with the propellant grain, the igniter and the base
with a suitable nozzle system. In a sense the entire
projectile afterbody is part of the unit since it in most
cases constitutes the combustion chamber. The optimum cdesign
of the afterbody is very much governed by the performance of
the base-bleed unit.

The base-bleed unit is in the course of the interior
ballistics subjected to high pressures and pressure changes
and to strong axial and angular accelerations. These cause
mechanical stresses, strains and deformations of all unit
parts.

The propellant compositions should be chosen with yreat care.
A suitable grain design can greatly reduce strains and
stresses and the risk of cracks. Spin stand tests and axial
acceleration tests are useful for studying mechanical per-
formance.
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When the gun is fired, the base-bleed propellant grain, as
well as the igniter composition are ignited by the combustion
gases in the gun. Due to the very steep pressure drop when
the projectile leaves the muzzle, the base-bleed propellant
combustion tends to b¢ extinguished. The igniter however has
a pyrotechnic composition with very low sensitivity to
bPressure variations. Thus it is capable of sustaining the
combustion of the propellant grain.

It is very important for good range and precision to achieve
an instant, reproducible, full effect onset of the base-bleed
immediately at the muzzle. Several theoretical and experi-
mental ignition studies and tests have been carried out.
These and numerous complete base-bleed projectile firings
emphasize the importance of perfect ignition.

N\
NN\
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1

0

0 1 2

Ignition delay s

FIGURE 2. Calculated range decrease versus ignition delay for
a medium caliber low drag base-bleed projectile. Shaded area
indicates possible variations due to the size of the base-
bleed unit and due to flight conditions.

The conditions are demonstrated in fig 2. Showing calculated
range decrease versus effective ignition delay for a medium

caliber, low drag hase-bleed artillery projectile. An
ignition delay of 0.1 sec results in a range decrease of
approximatively 0.4 $. This is of the same order as the total

dispersion at maximum range of good projectiles.

For a normally working unit, full onset of base-bleed occurs,
with only small dispersion, within a couple of meters from the
muzzle. Ccnsequently ignition should normally not involve any
problems but, due to the importance, has to be thoroughly
tested and controlled.




Due tc high qun pressure the regression cf the igniter compo-
sition is concidearably higher *n the course of the interior
ballistics than ocutside the barrel. Several mm of igniter
composition length is usually burned in the barrel. This has
to be taken into consideration when ¢:.s5igning ingiters.

The first part of the propellant grain combustion takes place
at high pressure while the projectile travels along the
barrel. The regresgion rate is high but the duration very
short. The propellant layer burned in the gun is generally
relatively thin and usually not determinative for the grain
dimensions,

During free flight is the mass flow through the nozzle low
and subsonic. The pressure in the combustion chamber exceeds
the base pressure only slightly. Due to the effect of the
base-bleed the chamber pressure differs very little from
ambient pressure. The ambient pressure is degressive along
the trajectory up to apex. This results in a degressive
regression rate of the propellant. It should be noted that
regression rates and thus mass flow and duration of burning
are functicns of elevation.

The projectile might eventually reach an altitude at which the
pressure is so low that propellant combustion is no longer
possible. It is vital to determine regression rates and to
study propellant combustion from sea level atmospheric
pressure down to pressures at which extinction occures.

3. DISPOSITION OF TEST METHODS

The base-bleed unit appears simple in its design. It is
however evident that several severe requirements, many with
small margins, are to be met. Theoretical calculatione may be
performed and can elucidate some problems but due to the
complexity of the over all process only experimental tests can
finally ensure reliable and good perfoirmance.

During the researcn leading to the invention of the Swedish
base-bleed system and during the continued development a
nunber of different methods and experimental procedures for
testing parts as well as the complete system have been
developed and applied.

summary of some methiods is presented in fig 3. 1In this

igure is indicated which tests might be considered as
essential or important/of value. As appears, in scme cases
standard methods already available have been applied, sometimes
however with alterations. 1In some cases new, comprehensive
facilities have been designed and built especially for the
base-bleed research, development and testing.
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FIGURE 3. Summary of test methods.

4. LABORATORY METHODS AND EXPERIMENTAL FACILITIES

4.1 Combustion Bomb Tests

Subatmospheric to high pressure propellant combustion. As
indicated earlier the pressure in the base-bleed unit
combustion champer is normally close to ambient pressure.
Starting from gun site atmospheric conditions ambient pressure
is decreasing up to apex. An advanced projectile trajectory
apex might be as high as 15 km. It is however probable that
the optimum end of combustion should occur at a lower
altitude. The range of interest fcor combustion studies is
mainly at subatmospheric pressures. Regression rates should
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be determined down to the pressure at which extinction occurs.
The combustion behaviour such as occurance of oscillatory
combustion should be observed and measured. Although
oscillations can be observed in combustion bomb tests, the
combustion will tend to be stable in a real base-bleed
combustion chamber where the thermodynamic situation is
different and usually more favourable. Strand burning
regression rates appear to be guite accordant with base-bleed
combustion regression provided correction is made for the
influence of spin. Coeombustion tests at subatmespheric
pressures.are mostly performed in a strand burner gindow bomb
of 500 cm” volume connected to a surge tank of 1 m

volume as shown in fig 4. The 5urge tank is connected to a
vacuumpump allowing the bomb and tank system to be evacuated
to the desired pressure. The system is fitted with valves
necessary for operation. Pressures are measured at several
locations.

e

Filter

Vacuumpump

S

Surge tank

FIGURE 4. Subatmospheric propellant combustion test facility.

A majority of combustion bomb tests have been performed with
propellant strands of 5 by 5 mm square cross section and 120
mm length. The strands are inhibited on the sides.

Ignition is accomplished with an electrically heated iron
wire. Fine, melting silver wires are used for determination
cof the average regression rate.

Examples cof test results are shown in fig 5 for two different
HTPB propellants. Regression rates at pressures higher than
atmospheric deterrined in the same combustion bomb are shown
for one of the propellants.

igniter combustion. During research and development of

igniters high pressure combustion bomb tests are valuable. 1In
this case a cylindrical bomb with 100 cm™ internal volume
and maximum 200 MPa pressure is used. The bomb is fitted with

transducers for me2~urements of pressure and light emission.
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FIGURE 5. Regression rate versus pressure for two different
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FIGURE 6. Regression rate versus pressure for two different
igniter compositions.




It has also connections for the ignition of the igniters to be
tested. Test igniters with net diameter 21 mm and length 15
to 20 mm are generally used.

Influences of different variables such as composition, compo-
nents particle sizes and compacting pressure have been studied
in order tou find suitable igniters for different designs. As
examples regression rates for two igniters are shown in fig 6.

4.2 High/Low Pressure Bomb Tests

The high/low pressure bomb is used for experimental simulation
of the conditions the igniter is exposed to during interior,
transitional and exterior ballistics.

The bomb in which the igniter to be tested is located, is
fitted which a bursting disk. Fig 7. The bomb is loaded

with a suitable amount of propellant. When the propellant is
ignited the pressure will first increase to a value corre-
sponding to some effective gun pressure. After some ms,
corresponding to the duration of the interior ballistics, the
disk will burst and the chamber pressure will drop to approxi-
watively ambient pressure.

By balancing bomb volume, pressure increasing propellant mass,
nozzle area and disk burst conditions an acceptable simulation
of the influence on the igniter combustion can be attainecd.

Bomb cover

Bursting disk

N Pressure increasing

,R// sropellant

"\

N

N Bomb housing

T\\—‘-

Igniter to be tested

PIGURE 7. High/low pressure igniter combustion test bomb,
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4.3 Tensile Tests

In the gun the propellant grain is subjected to very strong
axial and radial accelerations. In addition the base-bleed
system should be working over a wide temperature range, such
as —-40 to +60°C. Determination of the mechanical properties
of the propellant over the actual temperature range is most
important. These properties will in turn determine the
maximum grain size. It is convenient to have a series of
propellant compositions developed and tested in order

to make the optimum choice for each design.

Tensile tests are made with JANAF specimens in a tensile test
machine with cress head speeds between 1 and 500 mm/s. Tests
are made at different strain rates and temperatures. The
results are presented in master curves. Examples of results
are shown in fig 8 - 10.
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FIGURE 8. Master curve for relaxation modulus
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4.4 Spin Tests

Spinning solid propellant rocket motors perform differently
from nonspinning motors and the same applies to spinning
base-bleed units with solid propellant grains. The most
important consequences of the spin are increased burning rate
due to radial acceleration, altered combustion chamber flow
and nozzle flow. Spin also influences the ignition process.
Consequently spin tests are most valuable.

A spin stand designed and built at FOA (Swedish Defence
Research Establishment) is shown in fig 11. An electric motc
rotates the shaft by way of a hydraulic drive at variable spi
rates corresponding to actual projectile rotation, up to abou
20 000 rpm. The shaft in which transducers are situated, is
journalled by two ball bearings. The main end of the shaft
carries the test wunit to be spun, the other end is connected
to a slip ring assembly. The bearing housing is fixed to a
steel piate which rests on two spring blades. Pressures can
be measured at different locations through pressure taps. Th
signals from the pressure transducers are carried via the sli
ring assembly to the signal processing equipment. It is alsoc
possible to use radio transmission for the signal transfer.
Ignition is accomplished via the slip ring assembly or via th
combustion chamber nozzle.

FIGURE 11. Spin stand facility

5pin tests are usually performed in full scale to study the
effect of spin on propellant grain combustion and on chamber
and nozzle flow and blocking. Fig 12 shows a photuaraph from
a spin test. Other spin tests may also be performed such as
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igniter spray tests and grain deformation tests., In the first
case the actual igniter is used in combination with a dummy
propellant grain. The spray pattern of the igniter jet will
be clearly marked or the dummy grain surfaces and can be
studied after the test.

FIGURE 12. Spin stand test of base-bleed unit combustion at
15 000 rpm.

FIGURE 13. Deformation of propellant grain in open ended
combusticn chamber spinning at 12 000 rpm.
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Grain deformation due to spin can conveniently be studied by
stroboscopic photographing of a grain in a spinning open ended
combustion chamber. The deformation of a segmented grain
without central channel is shown in fig 13. External axial
flow is generally not provided for in a spin stand of this
design. Hence only internal processes of base-bleed units can
be studied. ©On the other hand this can readily be made in
full scale.

The interaction of basewbleed'and external ambient flow is
ordinarily studied in supersonic wind tunnels. At FOA a
spinning experimental base-bleed unit has been designed and
built for this purpose.

4.5 Linear Acceleration Tests

Soft recovery of gun fired projectiles has always been an
interesting and important task. In 1966 was at the proving
ground of FOA designed and built a very special linear
accelaeration and soft recovery facility. It has performed
excellently over the years and is still in current use.

The basic element is a recoilless 84 mm caliber smooth-bored
gun in a heavy experimental version. This gun is fixed tc &
long support and the barrel is elongated to 275 m by means of
pipes. Fig 14. When the gun is fired an increasing pressure
is built up in front of the projectile as it travels along the
barrel, The pressure behind the projectile is continously
decreasing. The projectile is softly retarding and will come
to a stop after about 100 m. Compressed air is vsed to move
the projectile cut of the barrel.

FIGURE 14. Linear acceleration test facility
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By changing projectile mass and_,gun propellant mass, linear
accelerations up tc 400 000 m/s™ (40 000 g) can be

obtained. Numerous tests with propellant samples and grains
have been carried out in order to obtain data on mechanical
properties of the propellant as well as to study deformation,
occurrence of cracks etc of the grains.

Mechanical behavicur of igniters subjected to strong
accelerations has also been studied. The facility is well
suited to acceleration tests of mechanical parts and
electronics.

4.6 Supersonic Wind Tunnel Tests

The supersonic wind tunnel at FOA, used for base-bleed
studies, is a blow down type of tunnel with fixed nozzles for
M =1.81 and M = 2.65. Fig 15. The nozzle test section
diameters are 125 mm and 170 mm respectively. The afterbody
model is supported by a central cylindrical tube extending
from upstream the tunnel nozzle. Thus no problems with
support interference will occur. Model external diameters are
mostly 50 mm.
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FIGURE 15. Supersonic wind tunnel test section. Nozzle with
central support tube and after body mcdel with base-~bleed
unit. Test section can be open or closed for tests at
subatmospheric pressures corresponding to flight at high
altitudes.

Several non spinning models of different bass-bleed unit
designs have been built and tested. The unit is located
within the afterbody model and consists of the combustion
chamber with the propellant grain and the base with the nozzle
system tc be tested.
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Ignition of the propellant grain is accomplished through the
base nozzles by means of the jet from a pyrotechnic igniter
mounted on a retractable support.

Pressures in the combustion chamber and on the after-body
surface are measured by means of a large number of taps
connected to scanning transducers. Lines from the transducers
are fed through the support tube.

In a typical test, the tunnel is run some seconds after the
base-bleed has ceased. Thus data with as well as without base
flow are obtained during the same test run.

A support device for wind tunnel testing of spinning base-
bleed units has also been designed and built. The device is
mounted to the central axial support tube. Air bearings are
used., Spin rates up to about 40 000 rpm are brought about by
means of an air turbin and spin rates are measured wiht a
photo-cell system. By measuring the pressure in the chamber
stabilising the axial position, total axial force and base
drag can be calculated.

Several hundreds of base-bleed tests have been carried out
with variables such as propellant composition, grain con-
figquration, nozzle configuration, nczzle area and afterbody
configuration. Also further advanced systems r=lated to base-
bleed, such as external burning, have been investigated.

The large number of test results have made possible the
formulation of very reliable performance data which in turn
have been introduced into our exteriour ballistics code. Very
good agreement between calculated and complete gun firing
results are demonstrated over a large range of calibers, sizes
and applications.

FIGURE 16. Supersonic wind tunnel test of base-bleed unit
combustion at M=1.81.




5. GUN FIRING TESTS AND FACILITIES

5.1 Aeroballistic Range Tests

The purpose of aeroballistic range tests is mainly to deter-
mine aerodynamic coefficients and stability factors of
projectiles in free flight. The flow around free flying
projectiles with and without base-bleed can be studied. Since
range tests concern the very first part of the trajectory the
base—-bleed ignition process may be observed simultaneously.

In Sweden is a 240 m long, 11.5 m wide and 6 m high covered
aeroballistic range named Nordbanan at the proving ground of
FFK in Karlsborg. In this range it is possible to fire rounds
of up to 155 mm calibre.

The range of measurements extends over 230 m and includes 93
yaw-cards and 10 photographic stations. Fig 17. Each
station is equipped with two Hasselblad 500 EL cameras for
horisontal and vertical photographs perpendicular to the
trajectory, and flashes of very short duration. By focusing
the cameras on white back ground screens the projectile
attitude, and the shadowgraph of the flow field can be
registered. The camera shutters open shortly before the
projectile passes and closes shortly afterwards. The actual
exposures are brought about by the very short flashes.

When applying the method with open cameras and flashes the
strong light from the base-bleed combustion might interfere
with the shadowgraph. However there seems to pbe no difficul-
ties in using yaw--cards for base-bleed projectile firings.

FIGURE 17. Indoor picture of the aeroballistic range at
Karlsborg proving ground.
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5.2 Ballistic Firing Tests

Ballistic firings offer the ultimate tests of the performance
of the complete base-bleed projectiles. The fundamental tests
concern range and dispersjon at different angles of elevation
and muzzle velocities. In Sweden this kind of firings are
often made over water. The impact iss usually measured by
radar and/or cine-theodolites.

Firings in darkness with good visibility offer excellent
conditions for studying the performance of base-bleed units
during flight. The ignition process as well as the combustion
process - duration, stability etc - can be observed and
recorded. Registrations are made with open shutter cameras.

During most ballistic test firings Doppler radar measurements
are performed. The results are generally presented as drag
coefficients, C_, versus Mach-number and versus flight

time and providé important data for use e.g. in aeroballistic
calculations.

In general all malfunctions and disturbarices of importance of
the base~bleed process will cause observable devergences of
the drag couefficient from normal values.

In fig 18 is shown measured C, versus Mach number for an
experimental 155 mm base—bleea projectile. As can be seen the
base-bleed unit of round 3 is not working correctly. The
ignition is retarded, causing high C_, at start. The base

mass flow is displaced towards the later part of the process.

‘7;';"' T T MEen number
B 1 2.0 ’ 5.0

FIGURE 18. Measured drag coefficients versus Mach number for
an experimental 155 mm base-bleed projectile,
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¢ . CONCLUSIONS

The base-bleed urit is an appar.rtly simple system with no
meving parts. It is however evident that the over all process
is very complex and that several severe requirements are to be
met, Analytic design methods and data are still insufficient,
Thus experimental tests for research and development of parts
and subsystems as well as complete base-bleed units are of
utmost importance. Experiments are also necessary for
cobtaining basic data such as regression rates, mechanical
propertins and aeroballistic coefficients. However good
theories might be develouped testing will still be needed for
proving reliable and efficient performance.

In this report some of the more important test methods and
experimental procedures uow in use have been presentad. New
methods are however currently beeing developed., 1In later
years several laser hased methods have been introduced. Fiber
optics and micro electronics render possible new transducers,
data transfer and data processing technique. Larger computers
and computer codes will be developed.
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ANALYSIS OF DISPERSION OF BASE BLEED PROJECTILE

PROF. XIFUJ GUO

Dept. of Englncerlng Thermal Physles &  Acrodynamics.

East China Inst. of Tcchlolgy NANIJING. CHINA.

[ ABSTRACT ]

The dispersion of shot is an important performance index of a base bleed projectile. Correc
estimation the characteristic quantity of dispersion of the base bleed projectile, effective reducing
the dispersion of the proiectile, reasonable determining the dispersion index are problems
of great concern for projeciile designers and ballisticians,

In this paper, the dispersion of the base bleed projectile has been estimated, and the micthods
for reducing the influence of nutatioi. and the drag dispersion with tase bleeding and
the highaltitude wind on the dispersion of projectile have been introduced. Then, the effects
of various factors on the dispevsion of projectile have been analyzed, and it is pouted out
that the initial velocity dispersion, nutation dispersion, gusty wind and drag dispersion with
base blceding are the main factors affecting dispersion of projectile. Because the drag
of base bleed projectile is so weak that the effect of the drag dispersion on over all - dispersion
will k¢ more sensitive, Factors affecting dispersion of the base drag with base bieeding and
the influence of the dispersion of ignition time on over all - dispersion have been discussed.
The methods of reducing dispersion have been stated, and the methods of determining the
index of dispersion and of making rcasonable distribution have been demonstrated. The firing
tesi have proved that the theory and methods given in th's paper are verificd.

1. INTRODUCTION

A base bleed projectil can increase range eifiziently, and the increase of range rate is nermally
about 20~130%. Under the condition of high initial velocity, the less the wave drag of the
projectile, the more the proportion of the basc drag to tetal drag, and also the more noticcable
the cffect of the increasing range of base blecding. Heuce, the increasing range of
base b.eding cspecially saitable for the low arag projectilc with the shape of hign fincness
ratio head.

Owing to the structure characterisiic of the base bleed projeciile, 1 is very probable
that slight carclessness in design cunses excess large dispersion of shot. The rcasons of large
dispersion <an be summed up in following respects. 1. For large calibre and long - range
projectile, charge weight is more, the ignition and flame tranger are not uniform, it iscasy
to cause the large dispersion of initial veloeity; 2. Duye to rather large fincness ratio
of the projectle, long gun buarrel, high bore pressure, spin vate of projectile, it is not casy
to centre the projectile in bore so that the consideratle yaw dispersion of projectile
during launch periocd is caused; 3. Due w extended runge, Thigh altitude and large
tme of flight, a long - range projectie 15 casy to be aftected by random change of mcteorclogical
clements; 4. Because of the additional basc bleed unit, #hie stability of propzllent gas flow
and dispersion of ignitien, cte, which are rclated to the base bleed urit immediately,
will cause dispersion of base drag: 5. Because base bleed projectile has the shapr of low
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drag, the sensitivity of projectile tor the initial velocity and drag dispersion increases as drag
decreases, But the relative variation of drag dispersion increases, so that the dispersion
of shot further increasces.

In this paper, based on theorctical analysis and test data, the estimating mcthod of the disperion
of base bleed projectile has been rescarched, the fuctors cauting dispersion have been analyzed,
the ways of decreasing dispersion have been pointed out, the dispersion index have
been discussed. Theoretical foundations and actual rwthods of veducing the dispersion
of base bleed projectile have been provided, in order to realize the overall optimum design
of base blecd projectile, and estimate the dispersion efements of the firing table of
base bleed projectile.,

2. ESTIMATION OF DISPERSION PROBABLE ERROR OF BASE BLEED PROJECTILE
The flight stability of the base blecd projectile is a nccessary condition to meet the dispersion
index, In estimating the dispersion of shat, the gyroscopic stability, dynamic stability
and trailing stability of the basc bleed projectile must meet the requirement along
overall trajectory. Under these conditions, the dispersion probable error of the falling point
of base bleed projectile can be calculated by following formulas,

2 ~, 2X 2
E = (——E >
X .;. aa, i
A (M
B, =Y(?%E )
AT

where E.- probable error in range; E.- probable error In deflection; a ;- factors related
with the range and the deflection, such as the initial velocity, v,, the ballistic coefficient,
c, the weight of the projectile, G, the rangs wind, W,, the cross wind, W,, the ignition
time of base bleed unit, tu, ectc. Eo - the probable errors of dispersion of factors ( a ),

. . aX - 2l
such as Evo, Ec, Ec, Bwx Buws, clc. 3¢ - the smsitivity of the factors a ;i for mange, 55~

1 i
- the sensitivity of the factors a ; for deflecticn, Hence the dispersion of range and dcflection
causcd by the dispersion of factor a ; can be written s

. aX .
Ex, Zax Ee

' o]
X )
JZI - 2204 —4'1

this 1s, the dispersion of falling point caused by factor a i is 4 product of its
sensitivity factor with its probable error. When the dispersion is analyzed, the two
respects - the sensitivity factor and disperiion. amount must be considered.,

1 TREATING METHOD OF FALLING POINT DISPERSION CAUSED BY NUTATION
DISPERSION, DRAG DISPERSION WITH BASE BLEEDING AND GUSTY WIND

1 Falling Poine easpersion by Nutation




The nutation dispersion causes not only the range dispersion but also the deflection dispersion.
They are discussed respectively as follows

3.1.1 Estimation of range dispersion caused by nutation dispersion. Several methads are described
as follows: a. Mecthod of woallistic equation

Using cquation of rootion for a modificd mass point or ballistic equation of six degrees of
freedom, the range X corresponding to the irndividal nutation amplitude & i can be calculated
and the Exs, can be written as

=0 6745 -
E, —0.674‘) (3)

b. Mcthod of ecquivalent initial velocity

The influence of nutation on range can be considered as the influence on the initial velocity,
vo, if the change of initial velocity caused by nutation & i is Awe;, the their relation
is

av, -af 2t)’ @

/ e
/ . EA"M 2
E,_,=06745 '%[AV“ ;(_TT)J_ )

The runge dispersion caused by tae nutation dispersion is given by

Exs, =5v E., (6)

c. Mcthod of ballistic coefficient
Under the condition of existing the nutation, the ballistic cocfficient of projectile is

given by

c=c, (14K &Y (7)
~‘z Jo (W3 k:l.
e (8)

where ¢, is Jhe ballistic coefficient when nutavion is zero; K is the coefiicient related with
the projectile shape and Much number M;  t; is the time when nutation is damped to zero;
T- - towal time of flight.




The dispersion of the ballistic cocefficient caused by the nutation dispersion s given by

Y, -6
. .
E cs = 0.6745 *‘L;—:*—]*‘-*

C ool
n

The probable error in range is given by

axX
x5, T aC Eg

E

d. Mecthod of nutation deviation

Firstly, calculate

AFS Gt
9X ‘§(3(Smj)

36 n

Sccondly, calculate

6, -5
E, =0.6745 | “—on
- n—1

finally, calculate

X
Xd: 35 ‘-

3.1.2 Dispersion of acrodynamic jump caused by nutation dispersion.

causcd by the nutation is

9

(10)

(1)

(12)

(13)

The aerodynamic jump
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)
'//i X o] __h,é (14)
fe
2@, —~¥)
E, =06745 | e
' n-—1

T,

lwi
Y, = e

where & i -~ the initial nutation angle velocity: Ra - the «quator radius of the gyration of
projectile; h - the distance of drag centre to mass centie of the projectile.
The range and deflection dispersion caused by E, is resperctively given by

X
Exi, =55 B, (16)

Ezs= XE\, ( 17 )
finally, the falling point dispersion caused by the nutation is yielded by

Eus= </ E% 1+ E2

xX82
Ezs = XE, (18)

3.2 Range and Dcflection Dispersion Caused by Gusty Wind

To calculate the influcnre of the gusty wind of every poin. on trajectory on the falling point
dispersion, firstly, the method of cakulating the falling poir: dispersion caused by the gusty
wind of cvery pointon trajectory need to be discussed. For the point i, the mean wind W,
and the mcan square error of the gusty wind ¢ w; have a rciation in the following

0wa=lllWi\TVi (19)

where Y wi- the rclative intensity of wind.

If the falling point dispersion caused by the gusty wind of every point on trajectory is equal
to the mean square error of the qusty wind, that is considered the same along all -
over trajectory, hence, following {ormula can be yiclded

(o) = 2(en)

(L]

Tw, = 2—:(qi‘ym)z (20)

aX aX
9, =5/ %
aWi 2w
. . ¢ &
where @ wb - mean square crror of ballistic gusty wind; 3y - the change of range cavsed
. . . X . o
by a unit wind ail - over the trajectory; 5~ - the change of range caused by unit wind
of point t; q;- the layer - weight of layer i.

If Www; is constant all - over the trajectory, or wi= ), hence




T w/ %W @)

generally, ¢ = 0.1
for the range wind,

Tw,, = Z (qswwswx, )2 22)

for the cross wind,

T = V/ L@y, w, )’ (23)

The probable crrors of ballistic range wind and cross winuc are respectively given by

Ebe= 06745 T wxb ( 24 )
Ew:=0.6745 0w (25)
Hence, the probable errors of the falling point caused by the gusty wind are given by
X
Ewn =’7Wx Ewn (26)
aZ
ZWz = ;‘V\TEW

3.3 Falling Point Dispersion Caused by Dispersion of Base Bleed Drag

The influcnce of the drag dispersion of the base biced preicctile with base bleeding on the
falling point dispersion is concerned with different times and 1 xsitions on trajectory. To simplify
calculating procedure, the concept of ballistic probable crror of the base bleed drag cocfficient
has been presented. Based on following principle, the falling point dispersion caused by the
ballistic deviation of the base bleed drag cocfficient is equal to that caused by the dispersion
of the drag cocfficient of every point on trajeciory with base bleeding, the ballistic deviation
of drag cocfficicnt can be determancd by

aX SR ¢ 2
Zoee ) - E(2, )
(\ BCD Cm ‘L| E?C Ecu (27)
- Dl 1
-1 _ \-'« 2042
Ecm = chnl ECD' (28)
X aX
qcn’ _aCD. aCn




TARBLE 1. Falling point dispersion caused by tactors of dispersion

a Eyg, (m) E,q, (m)
Vo 184 o 6.6
G 8.1 T 0
Wi 58.65 2,14
W, 0 2.5
P 0 0
T 0 0
h 0.046 0.022 )
B A 0.118 0.43
B 0 0
ti 2.56 0.23
S u 280.6 - 33.6
Couo 436.5 1.1
z 0 39
Vo 6.31 “ 3.9
W os 6.31 0
Eg 544.4 _ 59.6 j

aX
where Ecps - the ballistic probable crror of the drag cocfficient with base bleeding; 2Cp -
aX
. | aCo,
- the change of range causcd by an unit change of the drag coefficient of point i

the change of rage caused by an unit change of the drag cocfficicnt with base bleeding;

with basc bleeding;  qep, - the layer weigat of drag cocfficient at point i,
During base bleeding, if Ecpi is constant ( Fcp) ,then

(29)

The range dispersion caused by the dispersion of drag coctiicient with base bleeding is given
by
aX
xe, TaC, (30)




UARLL 2. Comnare of theoretical result with experimernial result
Ex (ll’l) e (nl) Ex/ X
theoretical result 544.4 59.5 1/72
experimental result 505.8 65.6 1/ 7

4. ESTIMATION AND ANALYSIS OF INFLUENCE OF DISPERSION FACTORS ON
DISPI:RSION OF BASE BLEED PROJECT!LE

S

.1 Step of Estimating Dispersion of Basc Bleed Projectile

Calculate sensitivity factors;

Calculate dispersion;

Calculate falling point dispersion caused by dispersion Jictors;,
Composition of probable error of dispersion.

oo o

4,2 An Example

For a projectile, the diameter is [55mm, the weight is 47.8Kg, the initial velocity is
850 m/s, the angle of depardure is 52° , the burning time is 24s, how to estimate
the dispersion of the projectile,

Based on above - nuentioned formulas and steps of calculation, the probable crror of falling
point dispersion by the dispersion of factors can be calculated, the results are shown in table
1.

TABLE 3. Falling point dispersion in proportion to overall dispersion caused by the dispresion
of any factor

ai Ex4 i /EX 100% E:% 1 /EZ  100%
Vo 11.4 1.2
G 0.266 0
W, 1.16 0.12
W, 0 14.17
N th 0.02 A 0
Cppp 64.29 0.003
- 5w 26.5—7— B 41.16
Mo 0.013 - 0.042
Z 0 42.44
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change of factor

change of range (m)

we (1g) 5.4
Ty (17T ) 0.12
pe (1%) 32.74
re (1% 5 2
Ar (1%) 75
- Ss (1% ) 7.5

4.3 Example Analysis

Above - estimated theory results and test results are shown in table 2. They are in very good

agreement. The falling point dispersion in proportion to overall dispersion caused by the dispersion

of any factor is shown in table 3.
From table 3, main factors that cause the range dispersion of base bleed projectile can be
showr:. They arc the drag dispersion with base bleed, nut.tion dispersion, dispersion of initial

velocity and the dispersion of range wind, main factors that cause the deflection dispersion

are drift dispersion, nutation dispersion and the dispersio:+ of cross wind. The law obtained

by lots of calculations and tests from this exzmple Is of universal significance. The formulas

of the probable error of falling point considering above main factors are given b
p Y

EZ

X

2
EZ

2 4 z
=E,_,+E,+E,,

2 2 =2
= EXBFI + EXJ + EXV_ +E

z

2
Xw

X

(31

Next, the causes of formation of main factors will be further analyzed, and the key poinw

are the drag dispersion with base bleeding, nutation dispersion and drift dispersion.

( 1) Drag dispersion with base bleeding. By using wind tunncl and flight test, it has been

known that the drag dispersion with base bleeding is larvcr its order of magnitude is close

to that of the drug dispersion of common high explosive projectile, and some time is larger.

In the wind tunnel test, the relative drag dispersion of tase bleed projectile is around 1.5%,

the relative drag dispersion mceasured by Doppler radar is 1.6 to 1.7%, the
correcsponding relative deviation of ballistic drag coefficient is 0.6% to 0.7%, the value of

commen high exposive projectile is mostly jess than 0.5% ,and the vajue of |75mm
M483 high explosive projectile is only 0.2% . To analyzz the cause of forming above phenomenon,
the influence of each factors of base bleeding on the range has been calculated, and concrete

data is shown in table 4,




TABLE §

spin rate ( RPM } re{mm/s) T/ Tto
0 1.29 1.0

6000 1.47 o 1.14

7200 1.48— 1.15

9000 1.51 1.17

10200 l;;) 1.21

10800 1.60 1.24

It is shown from calculated results that the dispersion of burning rate and burning surface
are two main factors that affect the drag dispersion of base bleed projectile, and the reasons
of forming such phemomenon can be divided into interior and external factors, the stability
of burning and ejecting of propellant, burning law of bum.ig surface, spin rate and vclocity
dispersion of projectile, random swashing effect of gas *lk.w of ignition propellant on bleed
propellent, and sudden disturbance of metcorolngic elements on trajectory, etc, all these would
randomly affect the burning of bleced propehblent and flowing of gas, and cause base drag
dispersion, thesc have been proved by tests, it is shown from firing test that the dispersion
of falling point is also large when the dispersion of burning time is large, the burning test
is 28 and that in firing test is 24s, even decrcascs to 13s, In ground spin test, the burrning
rate wouid incrcase when the spin rate increases, the data is shown in table 5. Based
on above tests and analysis, it is shown thuat the controlling of stability of burning rate and
surfacc is very important to reduce the drag dispersion of base bleed.

(2) The nutation dispersion. Factors that cause the nutation dispersion are very complicated.
From the moment when a projectile is charged into bore to the end after effect
period, or, in overall launch process, factors that cause the nutation would exist all along.
The malalignment of band - engraving, imbalance of projectile, the clearance between bourrlet
and tube, non - stableness of in bore motion of projectile, the jump of pressure in
bore and the vibration of barrel, etc, all these would cause random yawing of
projectile in bore. For the low drag high explosive projectile of extended range with bourrelet
nub, the position of nub on bod, shape of nub, canted anale of nub would all affect greatly
the moticn of projectile in bore, For cxample, for some  ojectile, the intial maximum extent
of the nutation is 15° , after improving the condition of the motion of projectile in
bore, it is reduced to 5° . By using firing test and theorctical calcultation, it is
nroved that the precision would be improveo if the nutation angle is controlled to be lesss
than 5° .

(3) Drift dispersion. For a spin - stabilizzd projectile, the drift is caused by the repose
angle, the dispersion of repose angle s the reason that affects directly the drift
dispersion, and the dispersion of spin rate velocity would also cause the drift
dispersion,  the setting error of nub, especallv the error of canted angie of nub would affect
the dispersion of spin rate, and cause the <ift Dispersion, formula of the drift dispersion
is give in the form,

E,  =v, Xgi, (32)

where Eq. - the probable crror of drift dispersion; X - range; 9, - the angle of degardure;
v .- drift cocfficient, its value is 0.0005 to 9,002, geoerilly adopted 0.001.

5. DISPERSION CHARACTER OF LOW DRAG PRC'ECTILE




ABLE 6

projectile ballistic coefficicnt
MI107 155 0.51
M46 130 0.472
—_—ed
M62 152 0.529
ERFB 155 0.38
ERFB - BB 155 0.28

To extend range, the drag must be reduced in a large extent. The drag of low drag extended
range  projectile is about half as large as that of old comrmon high cxplosive projectile. If
the ballistic coefficicnt is used as standard, its variation is shown in *able 6.

To extend range, initial velocity also must be increased, however, sensitivity factors are increased
largely, the data is given in table 7. X aX

Compare with M107155mm projectile, v and 3C of ERIFB 155 and ERFB - BB
155 respective  is increased 2.. times and 3.] times.

Sccondly, the relative change of the drag coctficient or the ballistic coefficient of low drag
projectile is increased largely. Define relative change as

EC
— ! [
B =5 100% (33)

where E - the probable crror of ballistic ~oefficient; ¢ - ballistic cocfficient; E.- the relative
change of the dispersion of ballistic coefficicnt.

Because the bailistic coefficient ¢ of base bleed projectile is reduced, even if Eo is maintained
constant, E. would be reduccd, besides, because of the base bleed unit, the drag dispersion
of base bleed is incrcased, E¢ of base bleed projectile is also larger than that of common
high explosive projectile, and E. would be «till larger,

. aX . v
b x¢ = J(, E ¢ (34)
B, -XF
Xv ay LN

X aX

Fran abeve fommbis, bocuwe the low diig projectike is addod the baese beod unit, b % v

i ) .

are increasel. This problem is caused by the low drag prow ctiie itelf, designers must correctly

deal with the relation of exteaded range with dispersion, otherwise, they would attend
to one and noglect the other.

6. DEMONSTRATION AND DISTRIBUTION OF INDEX OF PRECISION O}
BASE BLEED PROJECTILE

Under the condition of strict contrqlling precision test, the influpce of naturai
con must be gbout the «rne For the extendud range high explosive projcule, the dothoenn




I'ABLE 7

X
projcctile ;;-— ‘3?
o I ..
M107 155 28.5 99.5
Md6 130 39 107
M62 152 29 116
ERFB 155 62 220
ERFB - Bu - 155 92 310
_

dispersion is not main, at the stage of preliminary design main attention must be paid to
the range dispersion. Use following formula

2_‘2X 2 2X 2
(o m) (e

6.1 Under the Condition of Precision Index of Comimon High Explosive Projeciile Known,
Determination of the Index of Precision ¢f Base Bleed Projectile.

For cxample, following data of common high expiosive projectile: Eyga, Eca,

X aX X
{ ¢ )a , (v Ja, Xa, Ex., and thc data of base bleed projectile: ( v

( "_’_)_f_ Y b, X, are knoown. how to dectermine Exu/ Xy of base bleed projectile,

adopt .

X X
(%), - x5,

\ b-_
(2X) ax ()
av_/y 2 av,

Pow® Kbca
Ev,b™ Ki Eya
Xi= KX,

vield

B, J L oCo e
: - Ty St (36)

For convanenes 1o discussion, Tistly, avswuame, K=K 0 K, K= Kyo 1 then




)pe | +[(55) 2]

a7

from {(37) . it is shown thai
B E

K= Ks, '5(‘% :'xx; , or, the precision index of base bleed projectile is same as

that of high explosive projectile.

. E
, “xb Xa e
K>Ks, X5 > Xa » or, the precision index of base bleed prejectile is larger than that
of high explosive projcctile.
o E'Xb EX- . . . L. . \
K<Ks, Xb < Xa - © the precisien index of base bleed proicctiic is less than
that of high explosive projectile. aX 2X
where, K denotes the amplification of scnsitivity factors av , aC  Ks

denotes exended range rae; K and K4 denote amplification of E., and E. Hence, some
conclusions can be obiained. Under tne condilion that E. ind E. of two kinds of projectile
are keeped constant, if the amplification o sensitivity factoss is equal to tne extended range
ra.c, the precision index may be keeped constant, Taking ERFB15S and ERFB - BBISS for

example, X=1.5, Ks=1.3, or, K>K., yicid- Xo ~ Xa

Above - menticned discussion is made under Eu, = Eut, Ecwe= L. In fuct, E. .= E, « may
be reccived, but Ee is not equal to Ec gencrally, Its rcason has been discussed above. Vhen
demonstrating, corract estimating Eco is very important. In terms of wind tunnel tests
and expericnce, it is rcasonable to assume Ecv= (1.2~1.4) Ec. for preliminary
design,  hence

C
Be, =(12~14)c2E (38)

. 2X X ‘ : .
take ERFBISS for example, ( —= ).=62, C 3¢ ) o= 220, C.=0.38, E, =
162, E_=05, K= m, ( X ) 310, (02X ) =00 C=0.28, Xu= 39000m,

G aC ay

result are given by calculation as follows.

6.2 Distribution of Precision Index and Desian

Next, put main factors that afJect precision as stundards, to distribme the precision
index,  and to design strecture under the condition of eusuring precision index.,
It F.. E. ¢, v, 0. X are known, steps ‘o distribute the index and to design are given

as follows,

(a) Ditnbution of index and determination of dispersion probable error Ela i, Faa i caused
hy overy factor, Or.




F‘inu = C]Ei Eiz. =CE
B, =C,E,
where, cocfficient C---Cy ran be determined by lots of statistic data and expericnce.

So Exan, Ex-, Eyxy,y Exwe, Ezz, Eze, Ezw. can be yielded,

( b) IDcrermination of scemsitivity factors of every factor. With ¢, vo, 0., sensitivity
factors X --%X—- , X of every factor con t o yickied via bllisic tables and equations.
aC 26 av_

( ¢) Dcterinination of probable error of dispersion factors,

aX a2z
aC E o = Expy 25 Eo. =E,, =" Al
v
aX aZ
55 Bi =P, 23 B, = P )
aX
B =B

from above, Eces, Esw, Ew, Yz, Ey, anr be dctermined.

(d) Dectermination of probable error of dispersion of every factor assumced 1o satisfy neceds,
and dclermination of the structure of gun system, or, presentation as advanced index such
as E., Ecss. According to the probable error of ihe dispersion of every factor, when the
base blccd unit, propellant structure, projeciile /gun stoucture, e¢tc, are considered, as
the result of respective crror of every factor is vcached, £.. /X and Ez that statisfy ncecds
would be obtained. This is the process of combinirg theory and experiment, among
other some thecorical problems are not completely solve i and satisfactory results would
be obtaincd when modificd design and test arz taken agin and again,
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Sul bl FUFL RAMJIET, SELF~-PROPELLED GUN LAUNCHED PROJECTILES

Aluon Gany

Faculty of Aeronautical Engineering
Technion - Israeli Institute of Technology
Haita 32000. lilsrael

ABSTRACT

The feasibility and performance of self propelled. gun
launched proiectiles bv means of solid fuel ramiet (SFRJ)
motor is studied. It 18 demonstrated that the 3FRJ can
provide remarkable imrcrovement of the proiectile performance
without changing the weapon itself. Consuming amount of
fuel which is comparable to that of base bleed round. the
SFRJ can generate thrust-equal-drag situation resulting in
more than doubling the etfective range compared to the
modest range increase of the order of 20%. offered by base
bleed. The much higher terminal velcocitv and kinetic energyv
along with shorter flight time and flatter trajectorv can
make the SFRJ projectile significantly more effective,
particularly for air defense systems.

INTRCDUCTION

Increasing the terminal velocityvy and the range of a
proilectile can be done ov several methods: (a) bv increasing
the muzilie momentum of the projectile, (b) by reducing the
aerocdvnamic drag, and (c) bv providing active propuision to
the proiectile during its flight. Increased muzzle

momenrtum can be achieved bv either increasing the mnuzzle
velocitv and/or the projectile mass. Both imply chanees in
the gun svstem to accommodate the higher pressure and
propellant amount involved, which actuallv mean & new design
ot tine weapon. Drag reduction can be achieved bv either the
use of gmalley cross-section, high density material, sub-
caliber projectile., or bv raising the base pressure closer
to the ambient pressure using 1njection of fluid (burning or
non-burning) near the proiectile base zone (59 called "base
bieed") . Base drag is a significant portion of the total
aerodvnamic drag, (whose other components are skin friction
drag and forr or wave drag), and the meost amenable to
change. Neverthaless, a maximum reduction of about 25% of
the tot=l drag can be achieved due to the use of base bleedl.
hence the proiectile range increase is tvpicallv limited to
approximatelyv 5 to 20%.

Data and correlations on the total proilectile drag and the
ditferent «drag compononts exhibit gquite a spread although
reflectiny similar tyvpical behavior. The total drag




coetticrent CD (hased on the tree stream dvnamic pressure

and the maximum cross-section of the orojiectile) has a
relativelv low value (apvroximatelv 0.1) in the subsonic
range: which increases sharply to reach a maximum ot 0.3-0.4
in the transonic range tarcund M=1.2-1.3) and then decreases
monotaonically 1n the supersonic tlight range. The base drag

coetficient CDh demonstrates similar behavior. Hudgins Jr.
(11 gives the tollowing empirical correlation for UDb versus

Mach number

-0, 352
< = 0.306 e 0,353 1 . M = 1-8 (1)

while Murthyvy and Osborn [Z] correlate some experimental data
in the Mach number range <of 1.5 to 3. using another
approximation:

¢ ox %7 M o> 1.5 (2)
Db 2
M
Summarizing the data and analvses in Refs. (11-{5) one can see
that the base drag compoaent is indeed a large portion of
the total draeg (of the order of one third). See Fig. 1.
The correlation useéd in this work to represent the ttoval:?
aerodvnamic drag cceefficient i1s shown in Eq. {(3):

Cp:Cob
0.5 —— Eq.(3)
—~.= EMPIRICAL CORRELATION [I],Eq.(1)
0.4 |- /9 —~— EMPIRICAL CORRELATION [2], Eq.(2)
Q —~-— THEORY [3]
’ _ ‘ ... THEORY [4]
035 W}o ~— TEST RESULTS [5]

(' 4 & zzzz: Cp or ANG
. z#/,,Q D or Cpp RANGE
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K7, = O
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O ] 1 1 i 1 1
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FIGURE 1. Tveical variation of trhe total and basa drag

coetficients ot proiectiles with Mach number.
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Cooo= 0038 1.2 ¢ M < 1.3 (3)

2= 0,3876 - 0.0UH2 M . M > 1.3

Investigations on base drag reduction bv bhase bleed {(usually
bv means ©f a solid propellant gas generator. so-called

"fumer'). have shown a decrease in the value of CDb to 50%

and even less compared to its original value [1]. [4). [5]).
The effect 1s more pronounced for the supersonic flight

range (M»>1.5). The optimal situation (maximu.: base drag
raduction) requires. hcowevey. an injiection of gas amounting
ta 0.030 of the reference flow rate mref Yor cold gzas (air)

for hot gas [1]. m is defined as

and to about 0.013'm -
T ret

efr

. o= o )
Mref pauaAmax ta
Illustration of a proiectile with base bleed is shown im
Fig. 2.

Active propulsion for proiectiles can be done bv two main
nethods: rocket motor (rocket assisted proiectile, RAF) or
solid fuel ramiet (SFRJ) moter. The rocket motor is a
zimple and reliable propulsion means, which is independent
of flight conditions. Its main disadvantage is its high
propellant consumption rate and low specific impulse.
resultineg in a limited total momentum that can be provided
for tha2 proiectiie and. hence. limited improvement in the
overall performance. In addition. the RAP operation
inherentlyv introduces larger traiectorv errors and
inaccuracies. The RAP concept is shown in Fig. 3.

The solid fuel ramiet seems to be ''naturallv tailored" to
the specific use of propelling projectiles. Murz :le
conditions provide the necessarv high velocitv needed for
the aerodvnamic compression. which is essential for the SFRJ
operation. Thig wav the gun svstem serves as an economical.
high accuracy accelerator. avoiding the need for a special
rocket-tvpe booster stage. The ramiet wmotor then starts to
operate upon leaving the gun barrel. The main advantage of
ramiet over rocket is in its much higher specific impulse
(of the order ot 800-1000 seconds versus 200 seconds
approximatelyv) resulting in a much smaller fuel consumption
rate. Hence. it can prcvide much higher total impulse to
the projectile. applied as a certain thrust for the required
amount of time.

The SFRJ 1s the simplest air breathing engine. It does not
contain anv mcving parte. valves. storage tanks. or
injection svstems. It consists of a diffuser. a combustion

chamber. and a nozzie. The solid fuel grain, tvpicallv of a
hollow cvlinder shape, is placed in the combustion chamber,
and the incoming air flows through its port. 1t should be
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notred . however, that the SFRJ 1s a more complex motor than
rocket, and iIts operarion depends on several factors that do
not attect the rocket motor. such as tlight Mach number.
densitv and temperature ot the atmosphere. and the angle of
attack . Fisure 4 precsents the concept of an 5FRJ proiectile
with two difterent inlet tvpes: a simple pitot diffuser and
a higher pertormance. external compression center-bhodv
ditftuser.

It ig desirable that a selt propelled proiectile operates at

thrust-equal-~drag situation. sSuch conditions implv a pure
(vacuum) ballistic trajectorv. enabling nigh precision and
se:lt correcting action agalinst winds. In general. the SFRJ

motor compensates tor variations in the atmosphere density
as a result of the similaer ettect ot the densitv on the drag
and the thrust.

The objiective ot this work is to present the operation
characteristics ot SFRJ seltf-propelled gun launched
proiectiles. 1t will be shown that for an amount of tuel
similar to the amount of propellant needed for base drasg
reduction bv base bleed. the superioritv of the SFRJ svstem
in terms of proiectile performance is essential. The
thrust-equal-drag condition implies a constant flight
velocity. more-or-less. equal to the muzzle velocitv. This
situation results in a number ot significant advantages: (a)
the terminal kinetic energv of the proiectile remains equal
to that at the nuzzle exit impiving the maximum penetration
petential. The improvement is more pronounced in the case
of small caliber projectiles because of the larger ratio
between drag and mass. (b)Y The traiectorv 1is flatter than
in regular rounds. causing easier aiming and better
precision. (c) The time in flight mav be much shorter. a
maior advantage particularly for air defense systems. alsc
reducing wind effects. {d) The range mav be increased bv a
factor of 2 and even more (6], compared to a maximum range
increase of about 20% expected for based bleed proiectiles.

Figure 5 demonstrates the striking superioritv of a thrust-
equal~drag operation. which is supprosed to bhe achieved for
an SFRJ projectile. compared to regular and base bleed
rounds. regarding the velocityvy. kinetic energv. and time
along the path. Calculation and data (7). [8] are presented
for a 5.56 mm. 3.6 gram projectile. with a muzzle velocityv
of 890 m/s.

THE SFRJ PROJECTILE - GENERAL CHARACTERISTICS

betrailed configuration and notation characterizing an SFRJ
projectile having a pitot-type inlet are shown in Fig. 6.
An ma mass tlow rate of air at supersonic flight speed ua
and Mach number Ma enters the diffuser through a normal

shock wave. The resulting subsonic flow is then expanding
from the inlet cross section Ain into the combustion

chamber . tlowing through the cvlindrical port (cross section
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FIGURE ©. Ceomatrv and notatioHn of an SFRJ motor with a
pitot diffuser.

A“) of the fuel grain. The inlet step. representec bv the

area ratio AD/Ai ig essential tor flame sctubilization,

0
egnecially at low air temperature corresgponding to low
flight Mach number (up to about Ma:B) {91-[11) The fue!,

tvypicallv a hvdrocarbon (HC) polvmer, burns with the air,
heating the gas wnixture to its stagnation combustion
temperature TC. while the surface regresses radiallv at a

-

tvpical regression rate, r, atffected bv the air mass {lux
through the port, the inlet air temperature. the fuel tvpe,
and some other c¢peration parameters (e.g.. combustor
geomnetrv} .

Optimal operation implies that the exit pressure pe is equal
t0o the ambient pressure Py {adapted nozzle). Maximum thrust

at given flight conditions results from a stoichiometric
fuel/air ratio (equivalence ratio, ¢=1).

A general theoretical plot of the specific thrust F/ii\a and
the specific dras D/ﬁa versus Mach number can be drawn,
using the ratioc between the air capture area (AazAl) and the
maximum proiectile cross-section area Amax as a parameter.
The effect of combustion efficiency on the thrust can be
shown too (see Fig. 7). In the calculation of Fig. 7, a
hvdroxvl-terminated polvbutadiene (HTPB) fuel was =zssumed at
sea level flight conditions with a pitot (normal =aock)
diffuger. Stagnation pressure logses resulting {rom the
normal shock wave in addition to 5% losses from other
processes (e.g. heat addition) were assumed as well.
Somewhat better periformance can be obtained from an improved
{center-bodv) diffuger (Fig. 8). The stagnation pressure
losses of a pitot (normal shock) diffuser and a tvpical
improved ditfuser {(12] are shown in Fig. &.
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The thrust eguation (adapted nozzle conditions) is:

S o= om (1+1) - = P 5
Iy a[ 1+t ue ua] p P (5)
where t is the tuel-to-air ratio:

m,.
£ o= L (6)

The exit iet velocity was calculated from

e pc

/ i3
L ’d
U o= zc T [L—Fgﬂ ] (7))
Pe
pc is the stagnation pressure at the end of the combustion

chambher. calculated from the ambient pressure., flight Mach
number. and stagnation pressure losses. as described above.
T 1is the stagnation chamber temperature obtained from the

c
theoretical flame temperature calculated bv a thermochemical
computer code [13) (along with other gas properties such as
¢ and ), and the combustion efficiencv definFfu as
T Toa
n_ = (8)
b Te thToa
where
. y-1 2
Toa = Ta(l + Ma] (9)
O
2
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FIGURE 9. Stagnation pressure recoverv in a pitot (normal

shock) diftfuser and 1n a tvpical improved diffuser.




Aerodvnamlc drag was calculated by

) 1 z .
D = < - .U A (10

D 2 aa max
where the value ot CD was obtained ftrom Egq. (3.
From Figs. /7 and &8 one& can draw the minimum A"/Amax ratio

a

necessarv to obtain thrust-equal-draz conditions at each
Mach number (Fig. 10). Note that lower combustion
etftficiencv implies larger Aa/Amax ratio. Figure 10

demonstrates the supericrityv of ar improved (center-bodv)
diftuser compared to a pitot diftuser

Cconstraints on Aa/Amax ratio mav be relieved to some extent
bv adding some amount of oxidizer to the SFRJ fuel. therebv
reducing the required amount of air. Between the two

limiting cases. pure SFRJ (only fuel) and pure rocket (no
air), 1.e. RAP, lie the different (increasing) oxidizer
percentages implving decreasing lso values. Figure 11 shows

the variations of the minimum Aa/Amax rati® required for
thrust-equzl-drag operation versur Ma for different fuel (or

propellant)/air ratios associated with different oxidizer
fractions in the fuel, maintaining overall stoichiometric
fuel(+ oxidizer)/air ratio. HTPB fuel and ammonium-
perchlorate (AP) oxidizer as well as pitot-tvpe diffuser
were used in the calculations.

As hag been mentioned before, along with increasing the
specific thrust F/ma, the vz of oxidizer in addition to the

fuel results in a penalty of a reduced specific impulce
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FIGURE 10. Minimum ratico ot FIGURE 11. A /A ratio
a max
alr capture to maxlimum Cross required tor thrust-eaquat-
section area. Aa/Am"x' drag operation veraus Mach
(=1
necessarv to achieve thrust- number demonst:rating
equaltl-drag c¢condlitions versus decrease uilh 1ncreasing
flight Mach number. traction of AP oxidizer in

the tuael. Pitaol dittuser .




detfined as:

l.:- - ._,,E__ {11)
Sp :
e

Figure 12 demonstrates the variations in F/ma. in Isp' and

in f with the oxidizer fraction in the fuel for the specific
flight conditions of Ma=3 2t sea lJevel with a pitot diffuser

and nbzgo%.

One should be sware of the fact that higher specific impulse
means more economical use of the fuel {or propellant). i.e..
smaller fuel consumption rate mf for the same thrust level.

For a given mission. sav. thrust-equal-drag operation. it
means longer burn time (and range) per given amount of fuel.
The fuel flow rate necessarv to maintain thrust-equal-drag
operation of a proiectile at Mach number of 3 is wiven in
Fig. 13 tnormalized bv a reference fiow rate) as a functicn
of the oxidizer mass fraction in the fuel or propellant.
The two extremne cases. SFRS with pure fuel (zero oxidizer)
and pure rocket (no air) are obvious. A mcre complete idea
on the fuel {(or propeliant) flow rate necessaryv to maintain
thrust-equal- drag. can be revealed by Fiz. 14. showing the
variaition of the fuel (or propellant) flow rate (normalized
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eoo L 12 ~}-2400
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FIGURE 12. Variation ot lqo' F/m>, and t with the oxidizer
5S¢ a
(AP) mass traction in the solid propetlant. Pivot dittuser,

=3 =90% .
Ma 3 nb
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bv a reference flow rate) with the tlight Mach number for
ditferent tuel-oxidizer combinations between pure SFRJ
{£=0.074. zero oxidizer) and a pure rocket (RAFP). having

specitic impulse of 23U s, For comparison. the tvpical base
bleed operation range {(which does not even come close to
thrust-equal-drae conditions) is also shown in Fig. 14. The:

tigure demonstrates the remarkable superioritv of the SFRUJ
proiectile versus KRAF with regard to fuel consumption rate
(factor orf approxinmatelv 4). In addition. it reveals that
the fuel flow rate of an SFRJ projectile giving thrust-
equal-drag. is comparable and even lower than tvpical base
bleed flow rates. whose jmprovement with regard to
proiectile pertformance is onlv a small fraction c¢f the
SFRJ's.

INTERNAL BALLISTICS AND CONSTRAINTS

The general reacuirements from an 3FRJ projiectile, as
presented in the previous chapter, should be examined in the
light of the internal ballistics of the SFRJ motor. :
internal flow, combustion process, heat addition. &and
frameholding characteristics, in addition to geometric,
construction and other constraints may. in some cases,
contradict the mission requirements (such as certain thrust
at given velocity and burning time), hence. questioning the
SFRJ as a practical solution tor self propelled proiectiles
in certain conditions.

The pasic operation limit is due to t:ow choking in the
combustion chamber (M4=1) as a result of the heat addition.

This should set the lowest value of the ratio between the
fuel port area and the air capture area, Ap/Aa. The

cperation limit can be found from the continuitv equation:
m o= (1+f)h_ (12)
<4 a

taking into account the heat addition in the constant cross
section combustor, and the stagnation pressure losses
resulting trom the inlet shock waves and from the
combustion process. The calculiations were made for a pitot
(normal shock) diffuser. using thermochemical code {13] to
compute the theoretical stagnation combustion temperature.
Combustion efficiencv of 90% was assumed [14].

Table 1 shows calculated values of temperatures and
pressures ftor a pitot diffuser SFRJ motor operating at sea
level with ambient temperature of 288 K, and M =1. HTPB

‘4

fuel at stoilchiometric ratic was assumed.




TABLE 1. staznation Air and Combustion Temperatures and
stagnation Pressure Racio Versus Flight Mach Number.

. . D
M T K] T {K] T _aaey LK) Tc/
a oa c.th c(nb«)uﬂ) Poa
2 518 2471 2276 0.59
3 806 26273 2441 0.27
&4 1210 2850 2691 0.12
5 1728 3077 2942 G.054

Figure 15 presents the operation limits of the SFRJ motor in
terms of the minimum Ap/Aa ratio versus the flight Mach

numnber Ma, based on the data of Table 1. As can be seen

from Fig. 15, the operation limit may be even narrower for
small caliber proiectiles at the lower Mach number range due
to the deteriorating flameholding capability. requiring
larger inlet step height under these conditions. as reported
bv Netzer and Ganv (11]. Note that. in general. smaller
ratio Ap/Aa is desirable. since it means that a larger

amount of solid fuel can be placed in the combustor volume.

FLAMEHOLDING
LIMIT

\ ~dp= 10 mm

100 mm OPERATION
ZONE

T
~
<

\
COMBUSTOR

CHOKING, M 4=!

FUEL | HTPB

STOICHIOMETRIC RATIO

nb‘: 90 %

PITOT (NOFMAL SHOCK; DIFFUSER

0 | A 1 b 1 B
0] ! 2 3 4 5
FLIGHT MACH NUMBER, Mg
FIGURE 1%. Operation limits of an SFRJ motor due to

combustor's tlow choking and flameholding reauirements.




The operation limit in terms of AD//?.Ql can determine the fuel
A €

burning rete and burning time and. hence, the proiectile
range with active, thrust-equal-drag propulsion, provided
that some geometric parameters are given.

Substituting

mf = £ - iy 113)
and
mf = pfnder {14)

one obtains

r = naxT {15)
S T (TR
qu ¢ } [ ]
max max
It is convenient to relate the fuel length L and the
ditfferent diameters to the proiectile diameter. dmax' as a

basis for geometric similaritv.

The requirement for constant thrust at constant flight speed
implies fixed fuel consumption rate. i.e..

rd = const = r_d (16)
&) o'p.o

The fuel burning time can then be found from the web
thickness. bv integrating Eq. (16} fcr dp from dp o to dc
{external fuel diameter):

di—dz .
t, = L PO (17)

ar _d

o'p.o

It should be noted that Egs. (15) and (17) contain two free
parameters: L/dm and dC (cr bv some manipulations.

ax
dc/dmax)' Those are design. zeometric (construction)
parameters. For given flight Mach number and similar

geometric ratios. the initial value of r is found to bsa
independent of the projectile diameter. and inversely

dependent on L/d :
max

. K 1
= I AT {18
o = TL7d 75 (18
max
where K1 i8 a constant. In the specitic conditions of Ma:B

and dc/dmax=0.8 (namely. the combustor metal wall thickness
is 10% of the proiectile diam=ter dmhx)' when using HTPB

fuel of pf=0.95 g/cc and nb:QOZ. the wvaliie of K1 is found to




e apoproximetaly 0 muns . rocan be controlled bv chaneing
AL

the ratio ot L/d For instance, L/d =6 Pives r =4
m maXx )

ay’

mm/s. the value of r, should increase when increasing the
tlight Mach number (up te about S mm/s at Maxb tor the same
geometrv and tuel) . The exverimental results and empirical
correlations of the regression rate ot an HTPB-based fuel
{11}) indicate tnat the reaquired regression rates mentioned
above are achlievable in the tvpical conditions. particularly
tor small caliper proiectiles (e.g. 20 mm) ., Furthermore.

data orn small port diameter SERJ combustors [(1%]) reveal
fixed fuel consumption rate (accarding to the desgirable

gituation presented bv kEq. (16)! and, hence. constant
fuel/air ratio t during the combustion. permitting optimal
performance throughout the combustor operation. Fuel
regression rate was found to be lower for larger port
diameter combustors {(15], hence. fast burning fuels should
be used in such cases. In addition. regression rate

correlations for large port diameter fuels {91, (i6]
indicate that the fuel consumpcion rate as well as the
fuel/air ratio mav varv a little during the combustion.
hecaugse of the increase in the port diameter. thus some
deviations from optimal operatioan conditions may be
expected.

The burning time t which is equivalent to the duration of

(o
the propelled stage of the flight. is one of the most
important factors for evaluating the SKFRJ proiectile svsten.

For a given flight speed. tb determines the propelled stage

range. In the case of projectiles flving at a given Mach
number and having geometric similaritv. t. is found tn be

b
directlyv proportional to L/dmax and to the proiectile
diameter d
max
. L ) .
tb = KZLJ -] dmax (19)
max

Kz iz a constant which, under the specific conditions giving
K1r8 mm/sg has o value of 0.023, approximately, when tb is

in seconds and dmav in millimeters. Table 2 presents some

evamples of calculated burn time resultse based on the
combustor opcratinn limit shown in Fig. 165.

Equution (19) suggests that under the same conditions, where
the firing angle is relativelv small, the propelled stage
range, R, 1is approximatelv:

~ L _ .
R = K3[a—mw] dmax (20
T max
The specific conditions of M_=3 and d _/d =(¢.8 vield
a ¢’ Tmax

K3;23.5. where R is in meters and dmax in millimeters.




TABLE 2. Example of Calculated Burn-Times of SFRJ Propelled
Proiectiles at Different Mach Numbers and Normalized Fuel
Lengths .

burn-time: . t [s)

caliber b
:‘./J =C
d__ [mm) M, = M=5
max
L/d =4 L/d =6 L/d =4 L/d_ =6
max max max max
20 1.8 2.8 1.0 1.5
40 3.7 5.5 0 3.0
105 9.7 14.5 5.2 7.9

Although the burn-time is significantly affected bv the
flight Mach number. the etfect of Mach number on the range

is onlv secondarv. as the range is a product of tb and Uu'
¢

Note that more severe constraints are imposed on the SFRJ
combustor for dp<10 mm because of flameholding deterioration

in smaller port diameter motors (11]. In such cases shorter
burn-time and range are expected. dp of 10 mm corresponds

to projectile caliber of about 20 mm (it was found that

d £ 0.5d ). Flameholding constraints associated with

p.min" max

the inlet air temperature effect could also cause
difficulties in achieving the performance predicted bv the
combustor choking limit in the lower Mach number range. For
instance, at Mach 2, even combustors with fuel port diameter
as large as 100 mm mav vield somewhat lower performance.

Figure 16 presents the predicted propelled flight range
versus the projectile caliber for SFRJ projectiles of

~
>
1

N
(o]
—
z
°
"
o

PROPELLED FLIGHT RANGE {xm]
i
Voo

s
- 4 1 | I 5
OO 210 40 60 a0 00 120

PROJECTILE CALIBER, dmagax [mm}

FIGURE 16. Calculated propel 4 stage range of SFRJ
projectiles having geometric s milarity versus projectile
caliber dmax tfor ditfferent fuel length to proiectile

diameter ratios. M =3, pitot diffuser. =90% .

a ’ nb




different L/d ratios flving at Mach 3 (see Eq. (20)).

may
Note that operation constraints can be eased when using
larger L./dmax ratios. Both propelled stage time and range

grovw linearly with the fuel length to projectile diameter
ratio.  In this respect it is desirable that SFRJ pro-
jectiles have as large asg possible ler.gth to diameter ratio.

CONCLUDING REMARKS

Solid fuel ramiet (SFRJ) propulsion can offer a remarkable
improvement in proiectile performance in terms of terminal
velocitv. kinetic energy, and range. 1t can also

shorten the flight time and flatten the traiectorv for a
given range, thus making aiming easier and increasing hit
probability, particularly in air defense operations. The
SFRJ propulsion can provide thrust-equal-drag operation for
much longer flight time and range than those encountered in
rocket assisted proijectiles (RAP). The performance
superioritv of the SFRJ is especially striking when being
compared to base bleed projectiles. For approximately the
same fuel (or propellant) mass flow rate. the former can
double or even triple the effective projectile range, while
the latter can onlv cancel approximatelyv 25% of the overall
drag bv reducing the base drag, thus can offer a modest
increase of about 20% in the projectile range.

It should be noted. however. that the SFRJ proijectile is not
only more complicated. but alsce has some inherent operation
constraints resulting in poor volumetric efficiency of the
fuel. This is due to the empty port volume required as well
as because of the much lower fuel density in the SFRJ. As
a result the effective fuel volume in the SFRJ will be about
three times larger than that of a base bleed propellant
having similar mass. This mav require projiectiles of length
to diameter ratios larger than usual.

One should also bear in mind. that more severe operation
constraints may be encountered in small caliber SFRJ
projectiles due to deterioration of the combustor’'s
flamehclding capability.
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NOMENCLATURE

Cross section area

specific heat at constant pressure
drag coefticient

diameter
drag force




EP kinetic energy
[ fuel/air ratio
F thrust
2, standard gravity acceleration
I specific impulse
sp
K1 congtant (Egq. (18))
K2 constant (Eq. (19))
K, constant (Eq. (20))
L fuel grain length
m mass flow rate
M Mach number
D pressure
r fuel regression rate
R range
t time
u velocity
b4 specific heat ratio
s combustion efficiencv
fol density
@ equivalence ratio
Subscripts
1 station behind inlet normal shock
2 station at the beginning o¢f combustor
4 station at the end cof fuel grain
a ambient (or flight) conditions: air
b base conditions: burning
o] stagnation conditicns at combustor end
e nozzle exit plane
f fuel
in combustor inlet
max maximum; largest proiectile cross section
min minimum
c stagna*tion (total) conditions: initial
P fuel port
ref reference ([Ig. (4))
th theoretical
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BASE BLEED SOLID PROPELLANT
PROPERTIES AND PROCESSIBILITY FOR INDUSTRIAL SOLID PROPELLANT

GAUCHOQUX Jacques - COUPEZ Dominigue - LECOUSTRE Max

S.N.P.E St Médard
33160 St MEDARD en JALLYS

ABSTRACT

Composite solid propellants were studied in order to obtain optimized
propellant with good properties and processibility required for base
bleed applications. HTPB propellant with Ammonium Perchlorate oxydizer
ratio from 70 up to 80 % loading is selected after thermodynamical
calculations.

This paper describes the mechanical and ballistic properties of the
optimized propellant and the importance of each parameter.

INTRODUCTION

The base bleed effect increases the shell range by reducing the preojec-
tile base drag. The system consists in injecting hot and reductive
propellant gases at the shell base.
Before experimental investigations, the propellant specialist determines
the burning gas theoretical composition and the temperature with the
help of classical thermodymamical calculations.
During the following experimental propellant optimization, he looks more
particularly :

- To obtain a propellant grain with appropriated mechanical proper-

ties in order 1o ensure structural integrity during gun firing

tests.

- To give the required burning rate under sub-atmospheric pres-
sure.

- To reduce production costs due to mixing time and tooling immo-
bilization.

Then, the optimized propellant is incorporated into an industrial context
to satisfy technical and economical requirements in order to get a base
bleed generator with the best performances at the best cost.




THEORETICAI, EVALUATION

Propellant formulation evaluations were performed initially with thevrmo-
dynomical program. Optimum oxidizer loadings were determined with the
used polymeric binder system. The optimization was based on the heat
of combustion, density, and fuel ratio.

Propellants hased on initial formulations were mixed, and Strand Burn-
ing rate, mechanical properties, eand density deiermined.

From these initial formulations, additional modifications were introduced
to evaluate the burning rate range capability and mechanical properties
improvement. Working life evaluations were also performed.

THYRMODYNAMICAL PROPERTIES

The type of composite propellant is composed of a polymeric binder
(here a HTPB) loaded with an oxidizer, the emmonium perchlorate. Some
additives like bonding agent, ballistic catalyst and curing agent and
generally an amount of heat allow to obtain the final propellant material.

Composition of base bleed propellant (ex : Filler AP : 80 wt %)
Ingredient Weight %

Binder, HTBP 18
Antioxydant 0
Bonding agent 0
Curing agent 1
Catalyst 0
Oxydizer 80

The propellant combustion delivers some gazeous, liquid and solid
species that we are able to compute with a good level of accuracy.
The thermodynamical characteristics are :

- C : 13,63 At.G/kg

- H : 49,75
-0 : 28,08
- N : 6,81
- Cl: 6,81

These significant products of combustion are gazeous and characterized
by :
- Heat of combustion : Tb : 2370° (in chamber)

- Density : M : 1593 G/em?

The program delivers also some other parameters more communly used
for ballistic requirements

- Isentropic cocfficient A §
- Flow coefficient : CD
- Characteristic velocity : CH

Where @ Cp = F (v)\ /RTp o 1

m c*

with F (y) : function of the isentropic coefficient ¥
R : perfect gaz constant




All these parameters mainly depend on the iurcentage of oxidizer and
binder.

VISCOSITY OF COMPOSITE SOI.ID PROPELLANT SLURRY

The viscosity of composite solid propellant slurry is an important para-
meter to the processability and castability behaviours. It is affected not
only by the binder, but also by the size, content, shape and surface
properties of solid fillers in propellant.

Brookfield viscosimeter is used to measure the slurry vmcoszty First it
was evaluated for process temperature SpPlel(’d for end-of-mix.

The viscosity of the selected propellant is less than 15 Kp at the end of

mix, for 40°C temperature. These low viscosity is remained over a eight
hour period.

Figures 1 and 2 shows these results.

The viscosity of propellant slurry is significantly affected by the end-
of-mix temperature, the ratio of particle size and the ratioc of content
betwzen coarse and fine particles.
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FIGURE 1 - Viscosity of the uncured propeliant slurry versus time and
different temperatures
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FIGURE 2 - Viscosity of propellant slurry for different filler ratio
and AP distributions

MECHANICAL PROPERTIES

Due to the high acceleration of the projeciile longitudinal stiuins are
developed in the bore of the grain. The propellant must therefore have
a high flexibility and ultimate tensile strain limit.

Mechanical characteristics mainly depend on the binder but also on the
particle size and on the adhesion between particles and binder.

They vary with temperature and stress rate or strain in such a way
that a time temperature equivalence has been determined for each type
of binder. A shift factor aT gives mechanical characteristics at every
temperature T if they are known in standard conditions at 20°C. All
mechanica' properties (ultimate strenght. Sm, elastic modulus. E,
deformatio.. at maximum strength. em) are related to the number i/aT
which takes into account the time of application of stress t and the
shift factor aT7l. '




The tensible tests are carried out with JANAF specimen and the
properties defined according to Figure 3.

Standard tensile test on standard test
specimen at +20°C - Strain rate 50 mm/mn
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FIGURE 3 - Example for mechanical behaviour of prope!lant
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MECHANICAL CHARACTERISTICS OPTIMIZATION

The combination of HTPB/AP is a current composite propeilant conposi-
tion, giving high performance, long service life and low cost. The
nature of the fuei-binder allows high concentration of solid filler and
geod anti-aging characteristics has greatly extended the solid rocket
technology. Therefore. the addition of a bhonding agent is essential to
ensure the improved interaction at the binder-filier interface and ic
have best mechanical property behaviour.

HTPB binder is hydroxylated polymeric material and, as such, is cura-
ble using isocyanates. To reduce the moisture sensitivity of the curing
raaction, isophorone diisocyanate (IPDI) was selected as the .primary
curing agent to be evaluated. To achieve sufficient mechanical prover-
ties of the propellant the curing ratlo (NCO/OH) ranging from 0,85 : 1
up to 0,95 : 1 were evaluated.

Laboratory testing resulted in the selection of the effects of :

Binder wvariation, including bonding agents.

Curing agent and AP oxidizer distribution.

Burning rate catalyst.
A series of formulations having the required burning raie were develo-
pred, and selected for evaluation in intermediate-scale propellant mixes.
All these parameters were varied to assure seiection of the formulation
with the highest possible strain capability and optimum processing
characteristics.
Propellant from this effort have been successfully scaled up to the 300
Gallon mixer, and the effect of mixer size and process on propellant
processing, mechanical properties and balistic properties have been eva-
luated.

Some examples : optimization for scme parameters. Effects of oxidizes
particule size, curing’ ratio and bonding agent ratio. Tables 1, 2, 3.

We present also the mechanical properties versus temperatures and
stress or strain rate on selected propellant. Table 4.

Cnv.ag ratio, NCO : OH

Cunaracteristics 0,91 0,90 0,89 0,88
Maximum tensile strengh :

Sm (MPa) at + 20° 1,4 1,4 1,4 1,4
Elastic modulus : E (MPa) 4 q 3,3 1,6
Strain at maximum tensile (%)

em 40 20 80 140

TABLE 1 - Curing ratio effects op mechanical characteristics




Oxidizer loading (%)

Characteristics 70 75 80

D:30 D:35 | A:65 | A:55 | b:53 | D:40
Particule size distribution F:40 F:40] F:10| €:20 | F:271] F:40
Curing ratio (NCO : GH) 0,90 0,90 0,90 10,95 | 0,94 0,85
Maximum tensile strengh :
Sm (MPa) i,4 2 1,1 1 1,4 1,8
Elastic modulus : E (MPa) 4 8 8 8 11 7
Strain at maximum tensile (%) :
em 90 50 50 24 31 42

TABLE 2 - Oxidizer loading and particule size distribution on mechani-
cal characteristics

Bouding agent ratio (%)
Characteristics — 0,5 0,3 0,1 0]
Maximale tensile strengh : Sm (MPa)
at + 20°C 2 1,6 1,4 1,2
lastic modulus : E (MPa) 8 1 8 8
Strain at maximum tensile (%) : em 50 47 36 32

TABLE 3 - Bonding agent ratio on mechanical characteristics

Temp. R Sm Eps E.tg em er

(2) | (um/wn) | (MP,) %) (MP,) (%) ®)
- 60 1 6,46 8,3 77,76 16,9 20,3
- 60 50 8,30 6,2 133,71 11,8 12,3
- 60 500 9,17 4,0 243,76 8,0 8,7
+ 20 1 1,40 30,3 4,64 38,1 38,9
+ 20 50 1,93 31,6 6,10 52,2 56,%
+ 20 500 2,36 28,9 8,16 56,5 66,8
+ 40 1 1,07 29,8 3.59 39,2 40,9
+ 40 50 1,51 32,17 4,62 52,1 55,2
+ 40 500 1,84 30.9 <, 97 54,5 66,2

TABLE 4 - Mechanical characteristics versus temperatures and strain
rate for a selected propellant

BALLISTIC PROPERTIES

Ballistic properties are defined by the burning rate of the propellant
which depend mainly on the particles ratio and rizes and on the guan-
tity ol baliistic additives (accelerators).

Besides, lhe burning rate is also groportionnal to the initial temperatu-
re of the vwropellant.




The equation of the burning rate is :
Vo

Where a2 and n are the characteristics of the propellant.

. ..n
= ap

Burning rate

Pressure

FIGURE 4 - Burning rate versus pressure

The burning rate of the propeliant, in our case, is measured by the
"Strand Burner" method, in nitrogen, and in a large range of atmos-
pheric and subatmospheric pressures.

At the ambien' temperature, the range of the burning rate must be

6,9 < VC < 1,5 (mm/s)

This range is optimized for different propellant grain dimensions.
A

The experimental propellant, in atmospheric pressure and T° = 20°C, is
selected for Vc = 1,22 mm/s.

Figure 5 shows experimental results burning rate versus pressure.
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FIGURE 5 - Burning rate versus pressure

BURNING RATE OPTIMIZATION

In general, the btinder has & reiatively small influence on the burning
rate.

The burning rate is governea more particularly by the amuonium per-
chlovate {AY) oxidizer.

The investigations on the oxidizer are
oxidizer ratio (Filler ratio)
purticule size distribution
particule size diemeter (@ )

Some additives govern aiso the buvning rate :
Ballistic catalyst
Carbon Black



If the ballistic catalyst is a burning rate adjuster, the carbon black is
an opuacifier, which decreases reflectivity and increase radiative absorp-
tion at propellant surface. He cannot be recognized to be an active
catalyst particularly at subatmospheric pressures.

. Effect of the filler ratio

Filler ratio is chosen, essentially, on the base of the fhermodynamical
calculations. To obtain the required burning rate it is necessary to
optimize the other parameters.

Particle size distribution

Balistic catalyst ratio
Table 5 shows the results for constant burning rate.

Filler ratio (%)

Characteristics 70 . 75 80
Particole size distribution D:30) D:35 |A:69 1 A:55 |b:53 | D:40
F:40 | F:40 | F:10} F:20 {F:27 { F:40
Buraing rate (mm/s) 1,25 | 1,26 |1,22 [1,27 | 1,25 1,22
Ballistic catalyst ratio (%) 0,79 1 0,2 |4 2,5 0,5 | 0

TARLE 5 - Effects of filler ratio, particule size distributicn and ballis-
tic catalyst ratio at constant burning rate

Effect of particule size distribution

Parcticle size distribution is optimized for give the reguired burning
rate, in first, but also for a good processability. For a constant bur-
ning rate if it is directly dependant of the average particle size, it is
also in relation with balistic catalyst ratio. See results table 5.

. Effects of ballistic catalyst ratic versus particle size distribution

Particle size distribution used in this propellant is a bimodal blend
using 10 and 90 p or 10 and 200 p.

Thie recults are shown on figure 6.

For the required burning rate, all these parameter were correiated and
used to determine along the constant burn line the best distribution
which gives the minimum mix viscosity and longer pot life for better
casting ~f the graip.
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FIGURE € - Effccts of particle sive distribution and ballistic catalyst
ratio on burning rate

HAZARDS AND SAFETY

The identification and evaluation of hazards and pyrotechnic effects in
manufactoring solid propellants are ne essary.

Consideration of the ignition conse( iences suggests modifications of
process conditions or plant instruction to minimize risk to personnel,
facilities, and product. Attempts to estimate the probable hazards of
handling a new propellant were based on correlation of available test
data with that of materials which had been preocessea sucecessfully.

The results of different tests made on the uptimized propellant are
shown in wahie 6.



. Autoignition temperature 278°C

Impact sens:tivity (High energy Shock) > 4 meters
. Impact sensitivity (Julius Peters Appartus) 11 Jouies
. Friction sensitivity 203 Newton
. Regression Speed (burning rate) at Patm < 1,6 mm/s
. Detonability < 1 card
Electrostatic sensitivity No sensitive

. Process and processibility

The composite solid propellant manu cturing system is shown in table
7. It is a typical block flow diagram. Noting that processability is an
important factor in propellant formulation which processibility deter-
mination is a function of the rheclogy of the propellant.

The different steps in propellant processing are binder preparation,
oxidizes preparation, propellant mixing, casting and curing. Processing
differences between size mixes are a source of propellant variation.
Frequently a new mixing cycle is optimized for each size mixer or type
(Sigma or Vertical). After optimization of the required specifications
propellant, for one mixing cycle adapted to one size mixer, the propel-
lant processing parameters are selected.

In our application and with different size indusirial mixes since 5.
Gallons to 300 Gallons we have developed and demonstrated the feasibi-
lite of an HTPB propellant for Base-Bleed applications, and with a low
cost owing to the fact that we obtain many thousan grains by batch.

RINDER INGREDIENTS OXIDIZER BLENDING
MIXING
CASTING
!
CURING i

TABLE T - Composite solid propellant processings

CONCLUSION

Based on the initial formulations and the suecess of their foregeing
evaluations a large-scale mix was prepared from horizontal wixer for
1000 kgs and Vertical "DAY" mixer for 2420 kgs.

From these initial formulations, addit.onal modifications were introduced
to evaiuvate process and processibilily of the propellant. Rheological
properties, burning rute range cepabilily and mechanical properties
improvement were evaluated.

High volume manufactering have been conductzd to provide reproduc-
tible process required for the production of large qguantit’2s of base-
bleed composite grain a* low cost.




REFERENCE

(1] Computer programm for calculation of complex chemical equilibrium
composition - rocket performance - incident and reflecting shocks
and CHAPMAN JOUGET detonatior
5. Gordon, B.G Mac Bride
NASA Lewis research center (1971)




COMPUTER CODES FOR BALLISTIC PERFORMANCE
CALCULATIONS OF BASE BLEED PROPELLANT GRAIN
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ABSTRACT

Concerning shell external ballistics, different technical solutions ure
studied in order to improve aerodynamic performance of a siell. The
solution named base bleed consists in injecting a hot gas it a low
velocity intc the depressional flow area.

Preliminaiy design of a base bleed propellant grain has to satisfy
requirements generaliy expressed as a shell range increase regarding
available giain volume. Irn order to adapt the propellant grain ballistic
performance to the shell trajectory conditions, two different investige-
tions have been developed. The first investigation is essentially theore-
tical and consists in computer simulations of the flowfield near the shell
base with and without effect of subsonic injectior.

The second investigation is more empirical and consists in analysing the
shell velocity evolution by means of radar imeasurements in order to
determine drag reduction factor due to the base bleed effect. The or-
ganization of the developed ballistic computer codes and some results
are described in this paper. The results of the two studies give
ballistic data necessary for simulations of base bleed shell trajectories.

NOMENCLATURE

Theoretical approach : ‘
CD’ Cl’ C : turbulence model parameters

Co 2 : specific heat at constant pressure
D* : diameter of projectile

Db : diameter of exhaust port

f : mixing ratic

H : total enthalpy

k : turbulent energy

Mo : projectile Mach Number

MK : moler mass of specie K

P. : base pressure

P : local pressure

P « : ambiant pressure
Qb : nass flow rate



R : constant of perfect gases

So : source term

T : temperature of gas

Tb : stagnation temperature of base bieed gas
u,v : cartesien velocity components”
X,T : cylindrical coordinates

Xy : molar concentration of specie K
Y : eltitude

YK - mass fraction of specie K

£ : dissipation rate

P : density of gas

¢ : demendent variable

To : turbulent exchange coefficient
e : eddy viscosity

T8} : laminar viscosity

ok,0€ : turbulent Prandtl number

Empirical appreoach

Cp : total drag coefficient
CDTOT : total drag coefficient without base bleed effect
CDB ASE : base drag coefficient without base bleed effect
C : base drag reduction factor

RED g :
g2 : acceleration of gravity
I : injection parameter
m : projectile mass
M : mach number of projectile
ro : burning rate
Sb : propellant burning area

<« . N 1o 3
‘S',REF’ SpASE : refe:ren_ce area .and base area of projectile
: projectile velocity

X,y : range, altitude
Peo : air density
Pp ¢ propeilant density
) : trajectory angle

1 . INTRODUCTION

When a shell manufacturer designs a new projectile with a base bleed
device, the requirements are expressed as a sheli range increase
according with the available grain volume. The first step in the
preliminary design of a base bleed grain is to derive propellant grain
configuration from shell performance. The designer has first to select a
grain iniernal shape and a propellant. Figure 1. shows general archi-
tecture of a new base bleed grain analysis.
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.
[Base bleeu conﬁg‘uration!
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—
| Base drag reduction model |

I Trajectory prediction ]

FIGURE 1. Main flow chart

This paper presents the work performed in our company on different
methods to establish and to complete a base drag reduction model.

The theoretical approach starts with calculation of propellant thermo-
chemical properties [1]. These calculated data are input data to simulate
afterwards base flows with base bleed effect.

The computer code used to simulate base flow solves Navier-Stokes
equations in cylindrical coordinates inciuding & (k-€ ) turbulerce modei.
A combustion model has also besen developed in order to analyse the
effect of propellant gas afterburning in ambient air. To simulate opera-
ting conditions of a base bleed gas generator, calculations are perfor-
med with and without a reactive injected flow. Results show the cffect
of propellant gas on the shell base pressure and the dead air area
location. This approach is described in more details in the chapter 2.
The empirical approach is bas2d on gun firing test results and consists
in analysing the shell velocity evolution during base ktleed operating
time. The computer code uses a simple external ballistic model. After
some gun firing tests, radar velocity measurements are performea in
order to evaluate total aercdynamic Irag coefficient with and without
base bleed effect. Results al'yw tn determine base bleed grain efficiency
according with 2 sheil configuration. This approach is described in the
chapter 3.

Computed results of these two investigations are used to compare balli-
stic performances of different base bleed configurations.

Further objective of this project is to establish a base bleed system
data base by means of results obtained with these zompriter codes.

2 . THEORETICAIL. APPROACH OF THE PROJECTILE BASE FLOW

The complexity of base pressure calculation for an axisymmetric body
even without stabilizing fins or spinning is well known.

In the case of a proje:tile with base injectic.s of chemically reactive gas,
afterburning leads to additional preblems. The objective of the present
work is to compute the steady reuctive flow behind tte rear projectile
(Figure 2). To solve this problem, a numerical integration of Navier
Stokes equetions has been used. In fact, this computer cocde initially
developed te¢ simulate Rocket Motor Plumes has been modified to intro-
duce projectile base flow concept.
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2.1. Governing equations

The original Navier Stokes equations are averaged and completed by a
(k-€ ) turbulence model and a simplified combustion model. For a two
dimensional, axisymmetric, steady, turbulent flow the governing equat-
ions may be written in the general form :

dpud ., 1 9 3¢ ) ad s '
ax“—+'-1_- —a-; (DI’V@) ‘— [" (re.r 1‘) + % (T¢>.r§—{) J =S¢ (1)

Where ¢ represents the dependent variable, I'¢ is the appropriate effec-
tive exchange coefficient fcr turbulent flew and S¢ is the corre-
sponding source term. The definitions of I'¢ and S% for the different
dependent variables (¢ ) are listed in table 1.

The local pressure is determined using the equation of state :

k=7
Yk

MK (2)

p = PRT
k=1

Where R is perfect gas constant ans Y

and MK its molar mass.

The relation between enthalpy (H) and temperature (T) is given by

K the mass fraction of specie K

T
H -—;—(u2 + v3) - k = h* + J Cp.dT (3)
T T

Cp, h* and J’I‘* Cp.dT are given by tables from Ref. [2].
The gas contains seven species (CO, COZ’ HZ’ H,O0, HCL, N?,
the combustion model is based on the f{ollowing reaction :

0,) and
4.

CO + H‘Z + 02 -=> CO2 + HZO (4)



Conserved property @ Fg S
Mass 1 0 0
e & ( Su) 4§ Sv )
X momentum u - -— - .oV
R et b ) R R
. : dp & Su ) A$ S ) 2
r momentum v 2P L2 ip,. 4o LA Y. 1
fre |- Tsr ér (’lk §rl ¢ ( §r rf'L
total enthalpy H /'-‘_;—t- 0
H
turbulent energy k|t fe6 = f
€
dissipation rate £ ”ﬂ_ C] t a - C2 —_—
Te F e k
i SuyZ (Sv su Svy?  2v?
SN NN
: Cp k?
fe= fe £
¢y = 0,09 ¢, = 1,14 G, =102 T T ey

TABLE 1 - Definitior of teras




The atomic conservation eguations and two linear relations between a
passive scalar f and the mass fraction Y02 and YCO + YHZ provide the

gas compoesition f can be defined as the "mixing ratio" and it is conve-
nient [3] to assume the values zero and unity as boundary conditions. f
is given by :

H- H
F-q—pf> (5)
Hp - B w

Where the subscripts = denote values in the external flow and b the
flow through exhaust port.

2.2. Solution procedure

A numerical code is used to solve the elliptic partial differential system
of equations given by (1) and table (1) with the appropriate boundary
conditions.

This code uses a numerical scheme dne tc Patankar [{4] with a modifica-
tion to include gas compressibility effect.. In the numerical code, the
flow area ABCD (Figure 2) is divided in a rectangular grid.

2.3. Predictions

Cifferent data (re necessarv to calculate the flowfield :
- Two geomeirical j.arameters, the diameter of the projectile (D) and
the diameter of tre exhaust port (Db) (Figure 2).

- The altitude (Y) and the Mach Number (M=) of the projectile.
- (Gas compoasition (CO, COZ’ HZ’ HQO, dACL, Nz), mass flow rate

(Qb) and stagnation temperature (Tb).

A series of computations have been carried out for 105 mum projectile at
Ma:ch Number 1,66 and 1,28 for altitude Y = 1210 m &and Y = 3000 m,
respectively. The calculations simulate operating conditions of an expe-
rimental base bleed gas gene¢rator. The injection of mass flow is provid-
=i by the combustion of composite propellant, and a chemical equilibr-
im calculation near the ambiant pressure gives stagnation temperature
(i.ame temperature) and combustion product composition.

For the present case the results are :

Tb = 2290 K
x(CO) = 0,248 x(CO,) = 0,0534 x(HZ) = 0,217
x(H,ZO) * 4,296 x(HCL) = 0,147 x(I\;,)) = 0,075 (molar concen-

tration for one mol of gas)
To estimate the base bleed effect, we have computed the base pressure
(3c) with the following assumption :

1 R
De =—S— { 27 I‘p-dl‘ (6)
”O

Where p is the pressure given by predictions near the projectile, S its
section.



First calculation has been performed without injection for Me= 1,28 and
M = 1,6€. In this case, Figure 3 shows the stream function contours
and Figure 4 the pressure function contours in MPa' The results are

presented in an adimensioralized coordinate system (X/D, Y/D).
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FIGURE 3 - Stream function contours without injection. Mach = 1,66
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FIGURE 4 - Pressure function contours without iriection. Mach = 1,66
Now, an injection is specified (Db = 30 mm) with Qb = 18,5 g/s for Mo

= 1,28 and Qb = 25,8 gf/s for Mw = 1,68, To examine the afterburning

effect on the base pressure, we have considered et first an inert flow
(without reasction (4)) and then a reactive flow. For the case Mw = 1,66




and @, = 25,8 g/s Figure 5 shows the stream function contours taking

into account an inert flow or a reactive flow. Figure 6 and Figure 7
show the pressure function contours in MPa and the temperature functi-

on contours in Kelvin for aun inert flow. Figure 8 and Figure 8 show the
same variables for a reactive flow.
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FIGURE 5 - Stream function contours with inert flow
Mach = 1,66 Q, = 25,8 gls
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FIGURE 6 - Pressure function contours with inert flow
Mach = 1,66 Q, = 25,8 g/s
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FIGURE 7 - Temperature function contours with inert flow
Mach = 1,66 Qb = 25,8 g/s
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FIGURE 8 - Pressure function contours with reactive flow
Mach = 1,66 Q, = 25,8 gls
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FIGURE 9 - Temperature function contours with reactive flow
Mach = 1,66 Qy = 25,8 gls

Table 2 gives the pressure ratio (pc/p «) for the different cases stu-
died with this cemputer code

Without injection With injection
Qb =0 inert fluid reactive fluid

M= = 1,28
Y =3000m 0,68 0,77 0,85
Qb = 18,5 g/s
Me = 1,68
Y = 1210 m 6,57 0,69 0,80
Qb = 25,8 gls _

TABLE 2 - Pressure ratio (pc/p «) for different calculated cases.

3 . EXPERIMENTAL INVESTIGATION : GUN FIRING TEST ANALYSIS

3.1. Description of the method

The method used for the gun firing test analysis is divided in two main
steps.

Step 1. We determine total drag coefficient vs Mach Number from pro-
jectile velocity on its trajectory.




Step 2. Comparing total drag coefficient with and without base bleed
effect enables to calculate base bleed reduction effficiency.

For each total drag coefficient calculation the block diagram of modules
is the same as the one presented in Figure 10.

Input : experimental velocity vs time curve

Y} -3
Jl Polynomial smoothing l YVelocity
Input : o _ test
b*
projectile mass —-—f Drag coefficient calculation I
caliber i
initial elevation Curve
atmospheric CD vs Mach
conditions F ~¢
- | Trajectory data prediction | Velocity >
test
>

Output of results

FIGURE 10 - Block diagram of modules
The function of each module is briefly described.

Polynomial smoothing module : Experimental velocity curve is smoothed
by means of polynomial functions. At each time step in the curve, we
calculate smoothed velocity and its derivative versus time (t). Chan-
ging the degree of polynomial functions allows to respect a given
criterion between calculated velocity and experimental velocity.

Module of total drag coefficient calculation : total drag coefficient may
be calculated from the equations of an external balistic model. The
projectile motion is confined to the XY-plane and is given by the equa-
tions of motion :

Drag equation mV = - mgsin® '%—p“"SREF'Vz'CD(M) (7
Lift equation mVB= - mgcos® (8)

Kinematical relations and an equation of projectile mass balance for base
bleed configuration complete this model.

x =V cos® (9)
y =V sin® (10)
m= pp'SB'rb (1)

Initial conditions are given by gun firing test conditions (elevation and
muzzle velocity measurements).

The calculation procedure is as follows. Equations (8) (9) and (10) are
solved using a Runge-Kutta scheme and determine x,y and 8 variables.
These data and polynomial smoothing results are used to compute total
drag coefficient vs Mach Number using equation (7). Note that the
projectile mass with a base bleed gas generator is estimated by means of
propellant mass flow calculation (11).




Module of trajectory data calculation then the calculated total drag
coefficient curve is an input date. Equations (7) (8) (9) and (10) are
solved using a Runge-Kutta scheme and give V,x,y and & variables. By
an iterative procedure we adapt total drag coefficient in order to res-
pect a given criterion between predicted and observed velocity.

The cemparison of total drag coefficient with and without base bleed
effect is based on the Swedish approach of Ref. [5]. The drag coceffi-
cient of the projectile during base bleed operating time is :

C,=C

C x C

D DTOT =~ ~RED DBASE
Where CD = total drag coefficient with base bleed effect.
C = total drag coefficient without base bleed effect.
DTOT
CRED = base drag reduction factor.
CDBASE = base drag coefficient without base bleed effect.
C is considered as a polynomial function of Mach Number and of an

RED
injection parameter I defined as the ratio of the propellant mass flow
through exhaust port to the mass flow of air through the section of the

shell base.
Then, base pressure (pc) may be caiculed from the expression given by
Ref. [D].
) (1 -¢C ) C
pe = pe [1 - RED DBASE 0,7 . M2]
Sgase/SrEr
Where p = free stream pressure
SREF’ SBASE = reference area and base area of the projectile
CRED’ CDBASE’ M = ballistic data from the range calculation

3.2. Some examples

These results are proposed to illustrate code capabilities.
Table 3 shows an example of velocity comparison for a 155 mm projec-

tile.
Time of flight Experimental Smoothed | -Calculated Predicted
{8) velocity velocity CD (M) velocity
(m/s)
0 783.1 783.0 0.241 (2.30) 783.1
5 610.2 610.2 0.274 (1.82) 609.3
10 499.5 499.4 0.290 (1.51) 493.2
15 423.1 423.2 0.311 (1.29) 421.17

TABLE 3 - Velocity comparison




Figure 11 and Figure 12 show experimental velocity and calculated total
drag ccefficient for a 105 mm projectile with and without base bleed
effect.
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FIGURE 11 - Experimental velocity versus time
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FIGURE 12 - Calculated total drag coefficient versus Mach Number




Figure 13 shows pressure ratio (pc/pe ) and base drag reducticn factor
(CRED) as a function of injection parameter (1) and Mach Number (M).

The method to determine (CRFD) 1s to suppose that base drag cceffi-

. , . o .
cient without base bleed effect (CDBASE) is 40 % of (LDTOT)‘
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FIGURE 13 - Pressure ratio and base drag reduction factor versus
injection paramester and Mach Number

4 . CONCLUSION

Different computer codes have been developed in order to study effect-
iveness of base bleed systems. An intensive use of these programs will
allow to quickly perform preliminary design of base bleed grains.
Calculations are computed now to analyse tendencies or to compare
results of different base bleed configurations by acting on :njected mass
flow rate, propellant gas composition. Pressure ratio resulls (pclp= )
show a good concordance between the two presented methods.

Further studies will consist in improving conditions of simulation.

1 - Theoretical approach : boat-tail cone effect, comparison with wind
tunnel tests.

2 - Empirical approach : good knowledge of aerodynamical data such as
base drag coefficient.
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